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Abstract

Estradiol, Substance P, and the PI3K-Akt-mTOR Pathway in the Dorsal Horn of the Spinal Cord
during Inflammatory Pain
by
Zane Ferguson

Advisor: Vanya Quinones-Jenab

Pain is a critical survival mechanism that signals potential or actual damage, but it can
become pathological when it persists beyond the injury. Chronic pain is a major health issue that
affects 10-20% of the adult population and is found disproportionately in women. There are
numerous, interacting mechanisms underlying this phenomenon. This study used female rats to
investigate the impact of estrogens on sensory signaling by substance P, a neuropeptide that
contributes to the development of chronic pain, and the PI3K-Akt-mTOR pathway, an
intracellular mechanism of nervous system plasticity.
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Estradiol, Substance P, and the PI3K-Akt-mTOR Pathway in the Dorsal Horn of the Spinal Cord
during Inflammatory Pain

Pain is a critical survival mechanism that signals potential or actual damage. A properly
functioning system for pain perception helps avoid unrecognized infection, injury, and selfmutilation that would reduce one’s lifespan (Dubin & Patapoutian, 2010). However, under
certain conditions the system can produce pathological chronic pain that persists beyond the
original injury and becomes maladaptive. Chronic pain can be conceived of as a disease in its
own right (International Association for the Study of Pain (IASP) Declaration, 2001). Chronic
pain is a major health issue that affects 10-20% of the adult population and costs $70 billion
annually (Gatchel et al., 2007). It is a particular problem for women, who exhibit greater pain
sensitivity and suffer from chronic pain conditions at higher rates than men (Amandusson &
Blomqvist, 2013).
The pain system is exceedingly complex. Its features include plasticity in the primary
afferents, dorsal horn, and brain; pain inhibition systems; descending modulation from the brain
to the dorsal horn; changes in extracellular signaling molecules and inflammatory mediators;
changes in membrane receptors and channels; interactions among various intracellular pathways;
structural and functional shifts during the development of chronic pain; interactions among
neuronal, glial, and immune systems; sex differences; and influence from stress, mental state,
and social factors (Mendell, 2010).
The nociceptive system detects external threats, such as extreme temperature, intense
pressure, or chemical irritation. Receptors in the skin react to these stimuli and send a signal to
the brain via primary afferent terminals and the spinal cord. The primary afferents enter the
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spinal cord and synapse onto central neurons in the dorsal horn, a major center of nociceptive
processing and plasticity. The neurons involved in nociception are largely concentrated in the
superficial laminae. Strong, sustained nociceptive signaling can modify the structure and
function of the dorsal horn such that noxious stimuli elicit stronger responses (hyperalgesia) and
non-noxious stimuli activate nociceptive pathways (allodynia), although these terms will be
revisited later. When these changes persist beyond the disappearance of an injury, it constitutes
chronic pain. Structural and functional changes in the central nervous system (central
sensitization) are particularly important in this process (Kuner, 2010).
Experimental paradigms often use inflammatory agents to induce sustained nociceptive
signaling. Carrageenan is one common agent used to induce inflammatory pain. Intraplantar
injection of carrageenan leads to C-fiber, A-fiber, and central sensitization, as well as increased
sensitivity to thermal and mechanical stimuli (Lisi et al., 2015).
Glutamate is the primary signaling molecule in this system, but there are many others
involved. Substance P is a tachykinin neuropeptide that acts as both an inflammatory mediator in
the periphery and a signaling molecule at the dorsal horn. It contributes to the development of
hyperalgesia and central sensitization. When noxious stimuli activate primary afferents, they
release substance P at their central terminal. Substance P acts on NK-1 receptors in the
superficial laminae and activates several intracellular mechanisms, the most important being
increases in intracellular calcium levels. Calcium is critical to central sensitization. It contributes
to synaptic plasticity through multiple intracellular signaling pathways to modify receptors and
ion channels (Youn, Gerber, & Sather, 2013).
The phosphatidylinositol 3-kinase (PI3K)–Akt–mammalian target of rapamycin (mTOR)
signaling pathway is important in chronic pain. It regulates protein synthesis and synaptic
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plasticity, which contribute to central sensitization during inflammation-induced hyperalgesia
(Lisi et al., 2015).
The PI3K pathway is active in superficial dorsal horn projection neurons that express the
neurokinin 1 (NK-1) receptor. These neurons are activated in overlapping areas on the same
timecourse. Substance P-induced hyperalgesia is also blocked by PI3K pathway inhibition.
These results suggest that inflammation-induced hyperalgesia is mediated by substance P and
dependent on the PI3K pathway to some degree (Xu et al., 2011).
Important sex differences have been observed in nociception, and these are attributed in
part to gonadal steroid hormones. Estradiol is one of the most investigated of these hormones and
is thought to modulate both the perception of pain and the development of chronic pain states.
However, the literature on its relationship to pain is complex and contains many contradictory
results (Amandusson & Blomqvist, 2013).
Estradiol interacts with the PI3K pathway, suggesting that it influences the synaptic
plasticity that underlies sensitization. Estradiol has been found to activate the PI3K pathway in
the context of pain and inflammation (Ghisletti et al., 2005; Peng et al., 2010). Estradiol also
interacts with substance P. It reduces substance P protein levels and mRNA expression in DRG
neurons in the context of an anti-nociceptive estradiol effect, which may reduce the release of
substance P at the dorsal horn (Sarajari & Oblinger, 2010). Together, these results suggest that
estradiol’s impact on nociception and sensitization may be mediated by substance P and the
PI3K pathway to some degree. This study investigated that possibility.
History. Pain is a fundamental part of the human experience. Prehistoric notions of pain
are lost, but examination of primitive societies gives some clues about those beliefs. Pain was
conceptualized in magical or religious terms and often imagined as an intrusion of an object or
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spirit into the body. It was first described over 2,000 years ago in both Western and Eastern
civilization. In traditional Chinese medicine, pain was explained as an imbalance of yin and
yang. The medical treatise Huang di Nei Jing (The Medical Classic of the Yellow Emperor) was
supposedly written around 2600 BCE, but is dated to around 300 BCE. However, as a collection
of preexisting writings and oral history, it is the earliest known description of nociception and
inflammatory pain. In classical Greece, pain was first mentioned in Homer’s epics (8 th century
BCE), followed by the medical and philosophical studies of Hippocrates (5 th century BCE),
Aristotle (4th century BCE), and Galen (2nd century CE). In the 11th century, the Persian
philosopher Avicenna wrote his Canon of Medicine, which served as a foundational medical text
for several centuries. In it, he proposed that pain may be independent of touch or temperature
sense, which would be supported by research eight centuries later. Several important differences
existed among these perspectives, including the nature of pain as an emotional or sensory
phenomenon, the location of pain perception in the heart or the brain, the independence of pain
from touch and temperature sense, and the causes of pain as divine retribution, infiltration of
external agents, or mechanistic operation of the body. Some of these questions are still being
investigated (Dallenbach, 1939; Perl, 2011).
Questions about the nature of pain and sensory phenomena were often handled differently
by philosophers as opposed to physicians and scientists. Aristotle described pain as an emotional
phenomenon and spoke of it in terms of pleasantness-unpleasantness. This view was dominant
for nearly 2,000 years, with minor modifications (Figure 1). The Aristotelian model was
overturned during the scientific revolution, when new conceptions of the natural world were
emerging. During the 17th century, René Descartes formalized the notion of pain as an internal,
mechanistic process in which a channel conducted the pain signal from the periphery to the
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ventricles of the brain (Figure 2). Thomas Willis studied the anatomy of brain and argued that it
is the seat of pain perception. The philosophers Isaac Newton and later David Hartley proposed
that nerves carry information, though they hypothesized that they did so through vibration. These
developments laid rudimentary foundations of the modern theory of pain (Dallenbach, 1939;
Perl, 2011).
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Figure 1. Early renaissance (late 15th century) drawing of Aristotelian model of sensation with
modifications by Galen and Avicenna. It depicts various sensory modalities and their
terminations in the body. Harderwyck (1496), adapted from “Pain mechanisms: A Commentary
on Concepts and Issues,” by E. R. Perl, 2011, Progress in Neurobiology, 94, p. 22.
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Figure 2. Descartes’ model of pain detection and response. Particles from a fire tug on the fibril
and open a repository of “animal spirits.” These flow into the fibril and activate multiple
responses, including withdrawal from and orientation toward the threat. Descartes (1664),
adapted from “Theories of Pain: From Specificity to Gate Control,” by M. Moayedi and K. D.
Davis, 2013, Journal of Neurophysiology, 109, p. 7.

During the 19th century, the theory of pain underwent fundamental changes in response to
discoveries of the structure and function of the nervous system. Charles Bell (1811) and Francois
Magendie (1822) separated the spinal cord into the motor ventral horn and the sensory dorsal
horn (the so-called Bell-Magendie law). Bell (1811) and Johannes Müller (1840) discovered
modality-specific nerves. Emil du Bois-Reymond (1848-1849) founded the field of
electrophysiology, showing that sensory signaling is an electrochemical phenomenon. Modalityspecificity in a system that operates with a common impulse mechanism suggested that the
peripheral and central nerve endings must somehow encode the stimulus characteristics in order
to produce specific sensations in the brain. Charles-Édouard Brown-Séquard (1860) proposed a
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model of neural inhibition and, with later contributions by William Gowers, discovered
contralateral signaling through partial denervation and lesion studies in the spine (Dallenbach,
1939; Grant, 2006; Perl, 2011).
The separation or unification of pain and other touch sensation was debated as early as
Aristotle in classical Greece, continued through the Latin and Islamic medieval eras, and was
more clearly understood beginning in the late 18th century. Two major theories about the
organization of the nervous system and its relationship to pain sensation have traded dominance
since the 1800s. The sensory or specificity theory posited that pain is separate from touch, and
they are activated independently. The intensive theory posited that pain and touch were unified,
such that strong stimulation causes pain, regardless of sensory modality. The specificity and
intensive theorists were more empirically and experimentally inclined, whereas the pleasure-pain
theorists were more philosophical (Dallenbach, 1939).
The specificity theory describes pain as a distinct sensation, separate from other touch
sensations. Erasmus Darwin (1794) made an important observation of modality-specificity. A
man suffering from fever and violent cramps of his legs became insensitive to mechanical
stimulation of his feet, including pinpricks and pinching. However, his sensitivity to intense heat
remained intact. Hermann Lotze (1852) and Moritz Schiff (1858) argued for specificity theory
based on studies of the central nervous system. They demonstrated that pain and tactile
sensations are separate through lesion studies of the spine. Schiff found that destruction of gray
matter eliminated pain, but touch was left intact. Destruction of white matter eliminated touch,
but left pain intact. Magnus Blix (1882) and Adolf Goldscheider (1884) argued for specificity
theory based on studies of the peripheral nervous system. They found discontinuous sensation
areas in the skin where separate spots in the skin produced sensations of different modalities,
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regardless of how they were stimulated. Max von Frey (1894, 1895, 1896) extended this work by
relating these different sensory areas to neural structures, such that their response characteristics
could be paired with structurally-distinct nerve endings. These discoveries confirmed Avicenna’s
11th century proposal of a separate pain sensation (Dallenbach, 1939).
The intensive theory describes pain as a central interpretation of signals of varying
strength, independent from modality. William Erb (1874) argued for the intensity theory of pain
based on the observation that stimuli of various modalities can elicit pain if applied at a sufficient
intensity. After their previous support for specificity theory, Blix and Goldscheider changed
positions and concluded that the pain does not comprise a separate sense. Instead, it is part of the
touch system, which involved only warm, cold, and pressure sensors. Goldscheider actually
started in the intensive camp, switched to specificity for several years, then switched back to
intensive theory (Blix, 1884; Goldscheider, 1891, 1894). He was influenced by the finding that
rapid, repeated innocuous stimulation could bring about pain by summation (Naunyn, 1889).
However, later electrophysiological research by Adrian et al. (1931) contradicted this finding.
They selectively activated mechanical fibers by repeated puffs of air. This stimulation did not
cause pain, despite eliciting maximal action potential frequency in the mechanical fibers
(Dallenbach, 1939; Perl, 2011).
In the 20th century, anatomical and physiological studies of the nervous system led to the
modern model of nociception. During the 1890-1900s, Camillo Golgi and Ramón y Cajal
debated whether the nervous system was composed of discrete cells (Cajal) or a continuous
syncytium (Golgi). Ultimately, a system of discrete cells and theorized synapses connecting
these cells was established. Michael Foster and Charles Sherrington (1897) made a major
contribution with their model of neural inhibition and reciprocal innervation. They showed that
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neural inhibition is an active mechanism rather than simply an absence of activity. These insights
anticipated complex processing of sensory stimuli as a core structural and functional feature of
the nervous system. Sherrington (1906) also introduced the concept of the nociceptor, a
specialized sensory receptor dedicated to the detection of potentially harmful stimuli. The fact
that pain is evoked by multiple stimulus modalities (thermal, mechanical, and chemical) had
previously been seen as evidence against pain as a distinct sensation. Sherrington unified pain
with the concept of noxious (tissue-damaging) stimuli and the signaling of those stimuli
(nociception) (Grant, 2006; Perl, 2011).
In the 1920s, newly developed techniques and equipment allowed for a more detailed
understanding of the nervous system than ever before. The action potential was established as the
basic unit of nerve activation, and summation of action potentials was observed. Sensory fibers
were separated into different classes (A and C) based on their conduction velocity. A number of
researchers established the relationships between specialized subsets of nerve fibers and the
reactions they trigger, including the slow fiber system. These fibers are activated by noxious
stimuli, and their activation lasts beyond the original injury, which are reliable indicators of
nociceptive processing. These early 20th century findings were integrated into a model of sensory
signaling as a system of neurons with plastic functional connections (Adrian, 1931; Erlanger &
Gasser, 1930).
Melzack and Wall (1965) argued for a convergence theory of pain, where nociceptive
signals are processed in a gate control system in the spinal cord. Their theory was a major
milestone in the field (Figure 3). It incorporated previous work on pattern theory, wherein
interacting signals are interpreted (Noordenbos, 1959). It describes pain as an integration of
diverse somatosensory signals to produce a single signal of varying intensity. This signal is then

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

11

sent to and interpreted by the brain. Separate, non-nociception-specific signals with different
tonic activity and response characteristics converge on wide dynamic range (WDR) neurons in a
processing circuit (the gate control system) in the superficial laminae of the dorsal horn. This
system processes these signals to produce some degree of excitation in an action system that
sends a signal to the brain, where it is interpreted as painful or innocuous. This theory was
powerful in that it accommodated observations of spinal and descending modulation of pain
sensations, hyperalgesia and allodynia, as well as interactions between pain and competing
sensations, physiological and psychological states, and other phenomena (Craig, 2003; Perl,
2011). By the 1970s Perl, Iggo, and others had successfully recorded from a population of smalldiameter fibers with the characteristics of nociceptive neurons. There are nociceptors sensitive to
heat, cold, mechanosensation, and chemical stimuli, including polymodal nociceptors that detect
multiple types (Bessou & Perl, 1969; Burgess & Perl, 1967; Iggo, 1959).
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Figure 3. The gate control theory, in which separate, signals from non-nociception-specific
fibers (L and S) interact and converge on WDR neurons (T) to produce an ascending signal. This
signal is then interpreted by the brain as painful or innocuous. The model also accommodates
descending modulation. Adapted from “Constructing and Deconstructing the Gate Theory of
Pain,” by L. M. Mendell, 2014, Pain, 155, p. 213.
The modern consensus describes a widely-distributed network of brain structures that
forms a neuromatrix. Pain is conceived of as a product of the activity in this system, with
specific brain areas associated with particular aspects of pain (as well as other, non-nociceptive
functions). In this system, the discriminatory, affective, cognitive, and motor aspects of
nociception undergo extensive processing, integration, and modulation. Plasticity is a key feature
of this system. It accounts for many observations, including chronic pain (Melzack, 1990).
Technological advances allow real-time observation of both temporal and spatial aspects of
nociception, allowing the subjective experience of pain to be correlated with nervous system
activity. Today’s methodologies allow investigation at every level of the phenomenon, from
genetic and molecular mechanisms to psychological and social factors (Kucyi & Davis, 2016;
Prescott & Ratté, 2012).
Pain and nociception. Pain is defined as “an unpleasant sensory and emotional
experience associated with actual or potential tissue damage, or described in terms of such
damage” (IASP Task Force on Taxonomy, 2008). The term “pain” is often used when describing
basic research on animals, but “nociception” may be more appropriate. Nociception is the
processing of noxious sensory stimulation. Arguably, the ability to report the subjective
experience of pain is limited to human subjects, and therefore we should limit the discussion to
nociception in animal research (Barrot, 2012).
Pain has two components: a sensory-discriminative element that communicates the
nature, location, intensity, and duration of pain; and a cognitive-affective-motivational element
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that underlies the aversive quality of pain. These systems can be structurally and functionally
differentiated in the brain (Basbaum et al., 2009). Pain can also be described in different
functional terms. Acute pain involves the signaling of extreme temperature, intense pressure, or
chemical irritation, and is highly adaptive. Noxious (damaging or potentially damaging) stimuli
are detected in the periphery and a signal is transmitted to the central nervous system, allowing
an animal to escape and/or avoid potential injury. Activity-dependent sensitization describes
temporary hypersensitivity of the nociceptive system in response to injury that also serves as an
adaptive mechanism. Chronic sensitization describes hypersensitivity that persists beyond an
injury and becomes pathological (Dubin & Patapoutian, 2010; Kuner, 2010).
The term "nociceptor" is used variously in the literature to refer to the pain-sensitive
receptor found in the peripheral nerve terminal, the peripheral neuron that carries the nociceptive
signal, or any neuron in the nociceptive pathway. The IASP has established that the term
"nociceptor" should refer specifically to the receptors for noxious stimuli found in the peripheral
neuron terminal (IASP Task Force on Taxonomy, 2011). However, this usage remains
uncommon in the literature. In order to be consistent with the most common usage, “nociceptor”
will refer to a nociceptive primary afferent neuron.
The nociceptive system carries information about environmental threats to the cerebral
cortex via a chain of connections. Activation of nociceptive neurons in peripheral tissue induces
somatic pain (as opposed to visceral or neuropathic pain). This signal travels through a threeneuron chain to the cerebral cortex and is modified at various levels of the nervous system
(Figure 4). The first-order neurons have their cell bodies in the dorsal root ganglion (DRG) and
conduct the pain signal from the peripheral terminal to the dorsal horn of the spinal cord. The
second-order neurons project from the dorsal horn to the brain, primarily the thalamus and brain
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stem, with collaterals connecting to other areas. The third-order neurons transmit the signal from
the thalamus and brainstem to the limbic system and cortex. Descending pain-control pathways
also exist. Modulation can occur at all levels of this system (Basbaum et al., 2009; Kuner, 2010).
It is difficult to describe the nociceptive system because understanding a given component
involves reference to others. The following description will attempt to move from peripheral to
central with minimal forward leaps and backtracking.
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Figure 4. Nociceptive signals originating in the peripheral terminal of nociceptors travel to the
dorsal horn of the spinal cord, ascend along tracts to multiple targets in the brain, and terminate
in various areas higher in the brain. The spinothalamic tract targets the somatosensory cortex via
the thalamus and is responsible for the sensory-discriminative aspect of pain. The
spinoparabrachial tract targets the cingulate and insular cortices via the brainstem and amygdala
and is responsible for the cognitive-affective-motivational aspect of pain. The periaqueductral
gray (PAG) and rostral ventromedial medulla (RVM) are involved in descending modulation and
regulate spinal input. Adapted from “Cellular and Molecular Mechanisms of Pain,” by A. I.
Basbaum, D. M. Bautista, G. Scherrer, and D. Julius, 2009, Cell, 139, p. 269.
Primary afferent nociceptors are pseudounipolar neurons that carry nociceptive signals
from the periphery to the spinal cord. They have free, unmyelinated nerve endings and are
generally categorized by their modality sensitivities, including polymodal (Figure 5). However,
the relationship between nociceptors and nociceptive processing is not straightforward. Selective
deletion of certain populations of nociceptors does not simply alter pain according to the
nociceptors’ understood function (Mendell, 2010). When they detect noxious stimuli, a signal is
sent from the peripheral terminals of the primary afferent to the central terminals. Here they enter
the dorsal horn and form a small tract, referred to as Lissauer’s tract. They ascend or descend up
to two spinal segments and terminate in the dorsal horn (Figure 6). Activity in nociceptive
primary afferents triggers the release of glutamate, substance P, CGRP, and BDNF at dorsal horn
synapses where they operate on their respective receptors (Figure 7) (Morton, Sandhu, & Jones,
2016).
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Figure 5. The peripheral terminals of nociceptive primary afferent neurons express various
receptors for noxious stimuli. The neurons are thus sensitive to one or more stimulus modalities.
Adapted from “Cellular and Molecular Mechanisms of Pain,” by A. I. Basbaum et al., 2009,
Cell, 139, p. 270.
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Figure 6. Laminar organization of the dorsal horn of the spinal cord. The nociceptive neurons (C
and Aδ) terminate mainly in the superficial laminae, while non-nociceptive neurons (Aβ)
terminate in the deeper laminae. Adapted from “Cellular and Molecular Mechanisms of Pain,”
by A. I. Basbaum et al., 2009, Cell, 139, p. 268.
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Figure 7. Multiple transmitters are released at the dorsal horn synapse in response to stimulation
of the nociceptive primary afferent neurons, including glutamate, substance P, CGRP, and
BDNF. During peripheral sensitization, transmitter release is increased. Activation leads to
several important changes in the post-synaptic neuron, including both immediate
posttranslational and gene transcription effects. The activation of NMDARs is especially
important, where prolonged depolarization leads to the removal of the Mg 2+ plug. Adapted from
“Central Sensitization: A Generator of Pain Hypersensitivity by Central Neural Plasticity,” by A.
Latremoliere and C. J. Woolf, 2009, The Journal of Pain, 10, p. 901.
Aδ-fiber nociceptors are small-bodied and thinly-myelinated, and signal both “first pain”
(rapid, highly-localized, with a sharp, pricking, or aching quality) and “second pain” (slow,
poorly-localized, with a burning sensation). They can be categorized as type I and type II
according to their modality sensitivity and response characteristics. Only type I A fibers are
found in the glabrous skin (hand or paw). These fibers conduct signals rapidly (25-55 m/s) and
most are mechanically and thermally sensitive, with high mechanical and thermal thresholds.
Their response to mechanical stimuli is low-latency and slowly-adapting. Their response to heat
stimuli is high-latency and gradually-increasing. These patterns are consistent with first pain and
second pain, respectively. The lack of type II A fibers in the glabrous skin is consistent with the
lack of rapid first pain for thermal stimuli (Dubin & Patapoutian, 2010).
C-fiber nociceptors are small-bodied and unmyelinated neurons that make up
approximately 70% of the primary afferent neurons (Saeed & Ribeiro-da-Silva, 2012). They are
slowly-conducting (less than 2 m/s) and signal second pain. Polymodal C fibers are the most
common. They are sensitive to mechanical, heat, and in most cases, chemical stimuli. Other
combinations of modality sensitivity exist, as well as “silent” C-fiber nociceptors, which are
insensitive to mechanical and heat stimuli unless they have been sensitized by inflammatory
mediators. C fibers maintain a slow baseline firing rate (less than 1 Hz) that is not consciously
experienced, which may be related to homeostatic signaling. Noxious stimulation increases this
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firing rate to 1-10 Hz and leads to summation, resulting in pain (Dubin & Patapoutian, 2010).
Thermosensitive C fibers have a temperature threshold of about 39-41 °C, and can be separated
into two categories based on their response profile to noxious heat. Quick C fibers exhibit highfrequency discharge with a low latency and adapt within 1 second, whereas slow C fibers have a
longer latency and relatively uniform discharge throughout the stimulus (Johanek et al., 2008).
A number of heat-sensitive receptors have been identified on the primary afferent
neurons (Figure 8). However, these only partially account for heat sensitivity, and there appears
to be significant redundancy among these receptors. The transient receptor potential vanilloid 1
(TRPV1) receptor is the most important receptor for noxious heat (> 43 °C) and its activity
increases as a function of stimulus intensity. It is a calcium-permeable, non-selective cation
channel that was first cloned in 1997 (Caterina et al., 1997). It is a polymodal receptor sensitive
to thermal stimuli, acidity, and chemical stimuli. Capsaicin, the active ingredient in chili peppers,
is used to study it. TRPV1 is found in 50% of primary afferents overall and 75% of smallmedium diameter primary afferents (Dubin & Patapoutian, 2010). Most TRPV1-positive neurons
are C fibers, though some are A fibers (Cordero-Erausquin, 2016).
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Figure 8. The TRPV1 receptor with transmembrane domains (red), potentiators (green),
activators (yellow), and inhibitors (black) marked. Adapted from “The Role of Endogenous
Molecules in Modulating Pain through Transient Receptor Potential Vanilloid 1 (TRPV1),” by S.
L. Morales-Lázaro, S. A. Simon, and T. Rosenbaum, The Journal of Physiology, 591(13), p.
3111.
Upon activation, Ca2+, Na+, and Cl- ions flow into the cell, leading to a net depolarization
and activation of voltage-gated N+ channels, while closing the K+ channels that would counteract
it. This leads to an action potential and excitation of lamina I projection neurons via
monosynaptic connections and increased activity in lamina II neurons. TRPV1 receptors adapt
during prolonged heat stimulation (Cordero-Erausquin et al., 2016).
Inflammation produces several changes in TRPV1 channels, including increased
activity, decreased desensitization, and increased translocation to the membrane (Dubin &
Patapoutian, 2010). Multiple second messenger pathways act on TRPV1 channels, including
protein kinase A (PKA), protein kinase C (PKC), PI3K, Ca 2+/calmodulin-dependent protein
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kinase II (CaMKII), and the mitogen-activated protein kinase (MAPK) p38, increasing their
contribution to nociceptive signaling (Gold & Gebhart, 2010).
TRPV1’s contribution to heat sensitivity is complex and some results are inconsistent
with the typical description of the role of these receptors. Mouse studies employing TRPV1
blockade and gene deletion suggest that heat sensitivity is not mediated, or only partially
mediated, by TRPV1 receptors on heat-sensitive C fibers under normal conditions. There may be
limitations in methodology and generalizability, but human studies appear to be consistent with
these results (Dubin & Patapoutian, 2010).
Heat sensitivity may also mediated by TRPV2 receptors. These receptors were described
as thermoreceptors with a much higher threshold (> 52 °C), but most TRPV2-expressing primary
afferents do not respond to heat, and TRPV2-defficient mice respond normally to heat (Caterina
et al., 1999; Zhang, 2015). Other TRP channels contribute to heat sensitivity, including TRPV3
and TRPV4 (Patapoutian, Tate, & Woolf, 2009). TRPV3 and TRPV4 are found in keratinocytes
in addition to neurons. They are primarily receptors for non-noxious heat, but are sensitized by
repeated heat stimuli and contribute to peripheral sensitization by releasing pro-inflammatory
substances. However, they do not appear to mediate mechano-heat sensitive C-fiber sensitization
(Zimmermann et al., 2005).
The transient receptor potential cation channel subfamily M member 3 (TRPM3) and
calcium-activated chloride channel anoctamin 1 (ANO1) are additional receptors for noxious
heat with thresholds of 40 °C and 44 °C, respectively. Deletion of either decreases responses to
noxious heat, but only partially. They are often co-expressed with TRPV1 (Zhang, 2015). Heat
sensitivity is also mediated by constitutively-active K + channel (KCNK2), which is inhibited by
heat (Alloui et al., 2006). Keratinocytes also play a role in heat transduction. Activation triggers
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the release of adenosine triphosphate (ATP), which activates the purinergic receptors P2X2 and
P2Y2 on free nerve endings (Dubin & Papapoutian, 2010).
The spinal cord connects the primary afferents to the brain. It consists of a gray matter
core made up of cell bodies surrounded by white matter made up of myelinated axons (Figure 9).
Rexed (1952) described the spinal cord as being organized into ten distinct layers with different
structural and functional characteristics, referred to as laminae I-X (Figure 10).

Figure 9. Gross anatomy of the spinal cord, including the anterior funicle (1) and lateral funicle
(2), where the ascending anterolateral system projects to the brain. The lateral portion of the
alterolateral spinothalamic tract carries temperature and pain signals. Adapted from “Spinal Cord
Anatomy and Clinical Syndromes,” by E. D. Diaz and H. Morales, 2016, Seminars in Ultrasound
and CT and MRI, 37(5), p. 361.
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Figure 10. Laminae of the spinal gray matter, originally described by Bror Rexed, 1952.
Laminae 1 and 2 are involved in the processing of temperature and pain signals. Adapted from
“Spinal cord anatomy and clinical syndromes,” by E. D. Diaz and H. Morales, 2016, Seminars in
Ultrasound and CT and MRI, 37(5), p. 367.
The synapse connecting the primary afferent and dorsal horn neurons is perhaps the most
important segment of the nociceptive pathway. Here, nociceptive signals enter the central
nervous system and undergo extensive processing. Peripheral input also shapes the structure and
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function of the dorsal horn, especially in the case of persistent input from inflammation or longlasting injury. Fiber type and termination pattern are important factors in the operation of this
system (Cordero-Erausquin et al., 2016). Studies generally focus on only one or a few
nociception-related molecules, but numerous factors interact in complex ways in the nervous
system. Several categories of spinal nociceptive mediators have been identified, including
peptides (Seybold, 2009), cytokines (Schäfers & Sorkin, 2008; Verri et al., 2006), prostanoids
(Vanegas & Schaible, 2001), and neurotrophic factors (Kelleher, Tewari, & McMahon, 2017).
Typically, Aβ-fibers are described as non-nociceptive, while Aδ- and C-fibers are
described as nociceptive, but this is an oversimplification. There are nociceptive and nonnociceptive neurons in all these fiber types, and the projection patterns of nociceptive and nonnociceptive primary afferents differ (Cordero-Erausquin et al., 2016). Non-nociceptive Aβ fibers
terminate in laminae III-VI, as well as IIi to a very small degree. Non-nociceptive Aδ and C
fibers terminate in laminae IIi-III and IIi, respectively. The nociceptive fibers terminate mostly in
the superficial laminae. Aβ fibers terminate in lamina II, Aδ fibers terminate in laminae I-II o and
V, and C fibers terminate in laminae I-II (Prescott & Ratté, 2012).
The ability to distinguish between fiber types is compromised by several issues. The
response properties of primary afferents can change. For example, repeated heat stimulation
causes mechanical Aδ fibers to gain sensitivity to heat, and Aδ mechano-heat sensitive fibers to
respond to non-noxious heat stimuli. Non-nociceptive neurons also respond to noxious stimuli,
such as low-threshold mechanosensitive fibers responding to intense mechanical stimuli. The
overall function of the system is also more complex, where specificity in the periphery feeds into
integration and processing by convergent central circuits (Prescott & Ratté, 2012).
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Laminae I-VI make up the dorsal horn, where primary afferents signals are received,
processed in neural circuits, and transmitted to several brain areas via ascending tracts (Figure
11). The laminae are also referred to in functional pairs. Laminae I-II are known as the
superficial dorsal horn laminae, also called the marginal zone of Waldeyer and substantia
gelatinosa of Rolando, respectively. Laminae III-IV are known as the nucleus proprius. Laminae
V-VI are known as deep dorsal horn laminae. Laminae III-IV are sometimes categorized as deep,
depending on the study (Cordero-Erausquin et al., 2016).
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Figure 11. The pain pathway features multiple fiber types and distinct pathways. The nociceptive
primary afferent neurons detect noxious (C fiber and Aδ fiber) and innocuous (Aβ fiber) stimuli
and carry the signals to the dorsal horn of the spinal cord. The ascending spinal cord neurons are
organized into the spinoparabrachial and spinothalamic tracts. Within the brain,
spinoparabrachial tract ascends from the parabrachial nucleus to the insular and cingulate
cortices via the amygdala, and the spinothalamic tract ascends from the thalamus to the
somatosensory cortex. Adapted from “Central Mechanisms of Pathological Pain,” by R. Kuner,
2010, Nature Medicine, 16, p. 1259.
The superficial laminae are largely dedicated to nociceptive input, whereas the deeper
laminae integrate nociceptive and non-nociceptive input. However, this is an oversimplification.
There are connections between nociceptive primary afferents and neurons in deeper laminae via
dendrites that extend into the superficial laminae (Diaz & Morales, 2016), and there is some
degree of nociceptive processing in all laminae (Cordero-Erausquin et al., 2016).
There are different types of neurons in the dorsal horn distinguished by their input and
function. The nociception-specific neurons (NS) respond to noxious stimuli only. They are found
in laminae I-IIo and V-VI, where they receive input from mechano-heat sensitive Aδ fibers and
polymodal C fibers. Punctiform receptive fields in peripheral terminals and somatotopic
organization in lamina I allow these neurons to encode the location and quality of the stimulus.
The WDR neurons respond to both noxious and non-noxious stimuli. They are found in laminae
I-IIo and IV-VI, where they receive input from Aβ, Aδ, and C fibers. They signal the intensity of
the stimulus, and modulation of their activity is an important factor in gate control theory.
However, sensitization can change the function of these fibers, such as NS neuron activation
being driven by input from normally-innocuous fibers (Almeida, Roizenblatt, & Tufik, 2004).
The dorsal horn contains two major categories of neurons distinguished by their
connections. Projection neurons make up about 10% of the dorsal horn neurons and carry signals
from the dorsal horn to the brain. Interneurons make up about 90% of the dorsal horn and are
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arranged in processing circuits that modulate those signals. Excitatory neurons tend to have a
transient pattern of activity, whereas inhibitory neurons have a tonic pattern. This correlates with
signals punctuating the baseline activity of the spinal circuits (Cordero-Erausquin et al., 2016).
The superficial laminae have been researched far more extensively than the others. They
primarily process pain and temperature. Lamina I contains both projection neurons and
interneurons and receives input from both peptidergic C fibers and Aδ fibers (Basbaum et al.,
2009). Lamina I neurons are also influenced by activity in deeper laminae, as evidenced by
intralaminar connections. The dendrites of projection neurons generally stay within lamina I, but
the dendrites of some lamina I interneurons extend into lamina II and even laminae III-IV.
Multiple morphological classes have been found in lamina I projection neurons, including
fusiform, pyramidal, and multipolar neurons (Figure 12), though morphological class does not
distinguish projection neurons and interneurons (Cordero-Erausquin et al., 2016).
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Figure 12. Photomicrographs of the three major types of projection neurons in the lamina I
spinothalamic tract, (F) fusiform, (P) pyramidal, and (M), multipolar. Scale bar, 50 μm. Adapted
from “Morphology and Distribution of Spinothalamic Lamina I Neurons in the Monkey,” by E.
Zhang and A. D. Craig, 1997, The Journal of Neuroscience, 17(9), p. 3278.
Lamina II is made up almost entirely of interneurons. These cells have been classified
into four categories: islet, central, radial, and vertical cells. They are thought to operate mostly in
local circuits, in which excitatory and inhibitory interneurons with small cell bodies process
nociceptive signals as they arrive from the periphery and the brain. For example, connections
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between these interneurons mediate interactions between inputs from different fiber types. Some
lamina IIi central neurons that receive unmyelinated C-fiber input directly excite lamina II o
vertical neurons that receive Aδ-fiber input. Some lamina IIo vertical neurons that receive Aδfiber input directly excite both projection and non-projection lamina I neurons that receive Cfiber input (Lu & Perl, 2005).
These connections among dorsal horn neurons are important for nociceptive processing.
While there does not appear to be significant axonal projection from laminae III-IV to the
superficial laminae, ventrally projecting dendrites from the superficial laminae may mediate
communication from the deeper laminae (Kato et al., 2009). Some laminae I-II neurons have
long ventral dendrites that penetrate to laminae III-IV, where they receive excitatory input. There
is also a distinct zone ventral to the border between lamina I and II. It is only one cell thick and is
unusual in that dendrites from this zone receive significant inhibitory input from laminae III-IV,
in addition to the typical excitatory input. Given both excitatory and inhibitory signaling from
the deeper laminae, this zone may be uniquely suited to modulate nociceptive processing in the
superficial laminae (Kosugi et al., 2013).
Laminae III and IV primarily process vibration and pressure touch. They contain
relatively few cell bodies and are made up predominantly of large non-nociceptive projection
neurons and some small-bodied interneurons (Cordero-Erausquin et al., 2016).
Lamina V neurons are involved in nociception. Almost all the neurons in this lamina are
WDR neurons, which receive innocuous signals from Aβ fibers, as well as nociceptive signals
from Aδ and C fibers. Aδ fibers synapse directly onto the WDR neurons, while C fibers connect
polysnyaptically. They respond proportionally to mechanical heat, and cold stimuli and this
range of sensitivity allows WDR neurons to signal stimulus intensity. They are also involved in
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gate theory, where nociceptive and non-nociceptive signals compete to influence the activity of
the WDR neurons that project to the brain (Basbaum et al., 2009).
Glutamate was proposed as the primary excitatory neurotransmitter in the 1950s, but a
consensus was not formed until the 1970s. Agonists and antagonists were developed and used to
establish a wide range of glutamatergic mechanisms and identify three ionotropic receptor
subtypes. These are named after their respective selective agonists, N-methyl-D-aspartate
(NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and Kainate.
Subsequent research on these receptors advanced significantly with the identification and
manipulation of subunits, allowing sophisticated genetic, molecular, and pharmacological
experimentation and treatment. Glutamate is involved in many nervous system phenomena, the
most important being synaptic transmission and plasticity (Collingridge et al., 2017).
Nociceptive signaling at the dorsal horn synapse is mediated primarily by glutamate
acting on the ionotropic (AMPA, NMDA, and Kainate) and metabotropic glutamate (mGlu)
receptors. AMPA receptors are activated by glutamate alone, whereas NMDA receptors require
both glutamate and glycine for activation. AMPA receptors can be homomers or heteromers,
made up of subunits GluA1-4, while NMDA receptors are obligate heteromers, made up of
subunits GluN1, GluN2A-D, and GluN3A-B. The composition of these subunits determines the
function of these receptors (Regan & Furukawa, 2016).
AMPA receptors are involved primarily in synaptic transmission and plasticity. They
mediate most of the glutamate-driven depolarization in the dorsal horn. They are also important
in activity-dependent sensitization, where phosphorylation increases their activity, calciumpermeability, and trafficking to the membrane. These receptors are Ca 2+ permeable so long as
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they do not express the subunit GluA2 and exhibit activity-dependent receptor insertion during
long-term potentiation only if they express the subunits GluA1 or GluA4 (Zhuo, 2017).
NMDA receptors are critical to long-term plasticity, including long-term potentiation
(LTP). They have a high permeability to Ca2+, but are normally under substantial inhibition due
to Mg2+ blocking their channel. Depolarization removes the Mg2+ block and significantly
increases calcium conductance. Increased intracellular calcium activates a number of
intracellular signaling pathways, including mechanisms of transcription and protein synthesis
that underlie chronic sensitization (Zhuo, 2017).
Kainate receptors are found on small-diameter DRG neurons and can contribute to presynaptic depolarization of C fibers, regulating the release of glutamate. They are involved in
high-intensity signaling and pre-synaptic LTP. Pre-synaptic actions of kainate may also suppress
AMPA and NMDA receptor activity and promote (γ-Aminobutyric acid) GABA and glycine
release in the dorsal horn (Zhuo, 2017).
mGlu receptors are found throughout the neuraxis and are critical modulators in both
acute nociception and the development of central sensitization. They modulate the activity of
AMPA and NMDA receptors, and trigger the release of calcium from intracellular stores
(Latremoliere & Woolf, 2009).
A number of molecular markers are used to help classify nociceptive afferents and
correlate these classes with receptive properties. Useful features include molecules expressed on
the cell surface (e.g., receptors), molecules stored in and released from the cell (e.g., peptides),
and enzymes. Aδ- and C-fiber nociceptors are classified by their protein and enzyme expression.
The non-peptidergic neurons do not express substance P or CGRP, but do express the purinergic
P2X3 and glial cell-derived neurotrophic factor (GDNF) receptors, and bind isolectin B4 (IB4),
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which indicates the presence of the enzyme fluoride-resistant acid phosphatase (FRAP).
Peptidergic neurons express substance P and CGRP, but do not bind IB4. The peptidergic
neurons also express the high-affinity nerve growth factor (NGF) receptor tyrosine receptor
kinase A (trkA) (Saeed & Ribeiro-da-Silva, 2012). However, non-peptidergic Aδ-fibers
nociceptors may not bind IB4 (Cordero-Erausquin et al., 2016).These markers also distinguish
nociceptive and non-nociceptive cells. Cells that contain SP or CGRP are nociceptive, whereas
cells that contain neither are non-nociceptive. However, it should be noted that there are distinct
species differences in these molecular markers of peptidergic and non-peptidergic neurons.
These categories are very distinct in mice, while there is significant colocalization between
peptide-expressing and IB4-binding neurons in rats. In rats, approximately 40% of DRG cells,
50% of C fibers, and 20% of Aδ fibers are peptidergic (Price & Flores, 2007).
The tachykinin neurotransmitters make up a family of neuropeptides distributed widely
throughout the body. There are many tachykinins and they influence a wide range of
physiological processes. Substance P was the first tachykinin discovered in 1931 and is the most
important in nociception. It is encoded by the Tac1 (preprotachykinin) gene, which has several
splice variants (α-, β-, γ-, and δTac1). αTac1 encodes substance P, and its deletion has been
found to decrease pain and prevent neurogenic inflammation. Substance P acts on three G
protein-coupled receptors, NK-1, NK-2, and NK-3, with the highest affinity for the NK-1
receptor (Steinhoff et al., 2014). Substance P signaling can be blocked by the selective NK-1
receptor antagonist CP-96,345 (Snider et al., 1991; Yashpal, Pitcher, & Henry 1995).
Peptidergic primary afferents are glutamatergic, express the TRPV1 channel, and release
substance P in response to capsaicin. These primary afferents have small cell bodies and
unmyelinated C or lightly myelinated Aδ fibers that conduct signals slowly. Tissue injury or
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inflammation leads to peripheral and central substance P and CGRP release (Figure 13). In the
periphery, CGRP acts on the calcitonin receptor-like receptor (CLR) on arterioles, triggering
dilation and hyperemia. Substance P acts on NK-1 receptors on endothelial cells of post-capillary
venules, triggering plasma extravasation and granulocyte infiltration, and further increasing
inflammation. The cytokines tumor necrosis factor α (TNFα), interleukin 6 (IL-6), and IL-8 are
released to promote activation of the pro-inflammatory transcription factor nuclear factor kappa
B (NF-κB) via PKCδ and increase COX-2 expression, resulting in increased prostaglandin
production. TRPV1 receptors are also sensitized through PKCε-dependent phosphorylation,
which increases nociceptive input to the dorsal horn (Steinhoff et al., 2014).
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Figure 13. Tachykinins and neurokinin receptors in neurogenic inflammation and pain. Immune
factors trigger the release of neuropeptides in peripheral tissues, including substance P, NKA,
and CGRP. These factors induce neurogenic inflammation, and they can trigger action potentials,
leading to the release of substance P and CGRP at the central terminal. Adapted from
“Tachykinins and Their Receptors: Contributions to Physiological Control and the Mechanisms
of Disease,” by M. S. Steinhoff et al., 2014, Physiological Review, 94, p. 278.
Primary afferent C fibers terminate on NK-1 receptor-expressing neurons (Figure 14) in
laminae I and II, with termination organized by C fiber type (Figure 6). These fibers are divided
evenly between peptidergic and non-peptidergic. Peptidergic C fibers terminate in laminae I-II o,
while non-peptidergic C fibers terminate in lamina IIi. Additionally, C fibers have polysynaptic

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

37

connections with lamina V. Aδ fibers terminate in laminae I-IIo and V. The NK-1 receptor is
expressed only on glutamatergic spinal neurons. It is found in all laminae of the dorsal horn with
the highest concentration in lamina I, as well as some laminae III-IV neurons with dendrites that
extend to lamina I and synapse with peptidergic primary afferents. Many of these are projection
neurons involved in thermal nociception and receive input from TRPV1-expressing primary
afferents (Labrakakis & MacDermott, 2003; Todd, 2010). In the lamina I spinothalamic neurons,
about 69% are innervated by peptidergic C primary afferents, 28% by Aδ primary afferents, and
14% by both. They receive input from a large rostrocaudal range, compared to NK-1-negative
neurons, indicating that they can integrate local input from a larger area (Cordero-Erausquin et
al., 2016).
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Figure 14. Confocal pseudocolor image of the Substance P receptor distribution in the superficial
dorsal horn after unilateral intraplantar capsaicin injection. Activated NK-1 receptors internalize
and concentrate in endosomes. Scale bar, 0.4 mm. Adapted from “Receptor Endocytosis and
Dendrite Reshaping in Spinal Neurons after Somatosensory Stimulation,” by P. W. Mantyh et
al., 1995, Science, 268, p. 1629.
Substance P is released at extrasynaptic sites and works through volume transmission,
and its release increases in response to sustained or intense stimulation. When it binds to the NK1 receptor, it activates several intracellular mechanisms, including phospholipase C (PLC),
adenylyl cyclase (AC), phospholipase A2 (PLA2), and voltage-gated calcium channels. PLC acts
on phosphatidylinositol 4,5-bisphosphate (PIP 2) to produce inositol triphosphate (IP3) and
diacylglycerol (DAG). DAG activates PKC directly, while IP 3 triggers the release of calcium
from intracellular stores, which also activates PKC. Elevated calcium then activates a number of
intracellular mechanisms. AC causes cyclic adenosine monophosphate (cAMP) accumulation,
which activates PKA. PLA2 generates arachidonic acid, which is a precursor to lipid
inflammatory mediators, including prostaglandins (Steinhoff et al., 2014).
Substance P causes excitatory post-synaptic potentials that summate over time, originally
described as “windup” (Mendell & Wall, 1965; Zhuo, 2017). This sustained depolarization is
instrumental to the removal of the Mg2+ plug, which allows glutamate to bind to the NMDA
receptors, leading to a rapid increase in synaptic efficacy and an increase in intracellular Ca 2+
levels. These effects help induce central sensitization (Latremoliere & Woolf, 2009).
NK-1 receptors internalize after activation (Figure 15), which is used as a measurement
of receptor activation (Mantyh et al., 1995). Capsaicin administration and resulting TRPV1
activation lead to receptor internalization. NK-1-expressing dorsal horn neurons can be
selectively destroyed by administration of the cytotoxin saporin. Rats given this treatment have
normal acute pain function, but dramatically reduced inflammatory hyperalgesia (Mantyh et al.,
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Figure 15. Fluorescent confocal image of substance P receptors of lamina I lumbar spinal cord
neuron cell bodies (A, C) and dendrites (B, D). A and B depict neurons from naïve animals,
while C and D depict neurons from animals five minutes after capsaicin injection into the paw.
Capsaicin treatment triggered NK-1 receptor activation and internalization. Additionally, the
dendrites of activated neurons developed swollen varicosities packed with NK-1 containing
endosomes. Scale bars, 20 μm (A, C) and 10 μm (B, D). Adapted from “Receptor Endocytosis
and Dendrite Reshaping in Spinal neurons after somatosensory stimulation,” by P. W. Mantyh et
al., 1995, Science, 268, p. 1630.
Substance P signaling can be regulated through multiple mechanisms (Figure 16). Cellsurface mechanisms include substance P reuptake and substance P degradation by the cellsurface peptidase neprilysin (NEP). β-arrestins control other important mechanisms, including
desensitization, endocytosis, and endosomal signaling. Desensitization and resensitization
following activation is a normal pattern of receptor function. In desensitization, G protein
receptor kinases (GRKs) phosphorylate the receptor when it is occupied by substance P,
promoting interaction with β-arrestins. This uncouples the receptor from its G proteins, resulting
in desensitization, which is reversible by protein phosphate 2A- (PP2a)-mediated
dephosphorylation (Steinhoff et al., 2014).
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Figure 16. The regulation and trafficking of NK-1 receptors. NK-1 receptors can be regulated
through a number of mechanisms. The cell-surface peptidase neprilysin (NEP) degrades
substance P. Activated NK-1 receptors attract β-arrestins, which decouple the receptor’s G
protein. β-arrestins can also resensitize the receptor or promote its endocytosis. This leads to
endosomal signaling, rapid or slow recycling, as well as degradation in the context of sustained
stimulation and high concentrations of substance P. Adapted from “Tachykinins and Their
Receptors: Contributions to Physiological Control and the Mechanisms of Disease,” by M. S.
Steinhoff et al., 2014, Physiological Review, 94, p. 274.
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These mechanisms also regulate endosomal signaling. β-arrestin promotes endocytosis of
the substance P-containing receptor and recruits Src, mitogen-activated kinase kinase (MEKK),
and extracellular signal-regulated kinases 1/2 (ERK1/2) to assemble the signalosome. This
consists of the endosome and receptor with an attached complex of Src, MEKK, and
extracellular signal-regulated kinase (ERK) 1/2, allowing the receptor to continue signaling in
superficial or perinuclear endosomes. Signaling is terminated when the receptor dissociates from
the β-arrestin. Acidification of the endosome dissociates substance P from the receptor, and the
membrane metalloendopeptidase endothelin-converting enzyme -1 (ECE-1) degrades substance
P. This destabilizes the NK-1 receptor/β-arrestin/Src/MEKK/ERK1/2 signaling complex, which
attenuates ERK signaling. The characteristics of the triggering stimulation determine the next
step. If substance P stimulation was brief, the receptor is recycled back to the membrane and
resensitized as a result of dissociation from β-arrestin. If substance P stimulation was sustained,
the NK-1 receptor is marked for degradation in a lysosome. This results in downregulation of
substance P signaling. NK-1 receptor activation can lead to ERK activation through other
mechanisms, including the PKA and PKC pathways, as well as G protein-mediated
transactivation of the epidermal growth factor receptor (EGFR). This leads to its dimerization
and phosphorylation, and assembly of a SHC/Growth factor receptor-bound protein 2 (Grb2)
complex. This complex then activates MAPK and ERK1/2 (Cattaruzza, Poole, & Bunnett, 2013).
Overall, approximately 90% of spinal cord neurons are interneurons. Primary afferent
neurons synapse onto a number of spinal circuits made up of excitatory and inhibitory
interneurons in laminae I-II of the dorsal horn. These neurons receive input from nociceptive C
fibers and can connect to other interneurons or projection neurons (Cordero-Erausquin et al.,
2016). Projection neurons make up about 5% of lamina I neurons and are absent from lamina II,
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indicating that the vast majority of the superficial neurons are interneurons. These laminae are
made up of approximately one third inhibitory (GABAergic and/or glycinergic) and two thirds
excitatory (glutamatergic) interneurons (Prescott & Ratté, 2012).
Lamina II is made up almost exclusively of interneurons, which have been classified as
islet, central, radial, and vertical cells, based on their dendritic morphology (Figure 17). Islet
cells are GABAergic, radial cells and most vertical cells are glutamatergic, and central cells can
be either. This system leaves about 30% of interneurons unclassified. Lamina I interneurons are
less understood, but have been classified as pyramidal, fusiform, and multipolar (Todd, 2010).
The inhibitory interneurons have several important roles in maintaining normal signaling. They
silence activity in nociceptive neurons in the absence of noxious stimuli, reduce the
responsiveness of nociceptive neurons, prevent crosstalk between stimulus modalities, and
restrict the spread of activity (Sandkühler et al., 2009). Relatively little is known about excitatory
interneurons, despite being the majority of the dorsal horn neurons. They may be involved in
inflammation-induced dorsal horn plasticity (Yasaka et al., 2010).
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Figure 17. Confocal images depicting the four types of interneurons found in lamina II of the
spinal cord. Adapted from “Neuronal Circuitry for Pain Processing in the Dorsal Horn,” by A. J.
Todd, 2010, Nature Reviews Neuroscience, 11, p. 826.

There are a number of key brain areas in the neuromatrix, including the thalamus, insular
cortex (IC), primary and secondary somatosensory cortices I and II (SI and SII), anterior
cingulate cortex (ACC), amygdala, and prefrontal cortex (PFC). Studies of brain damage have
demonstrated that pain is not localized in a particular region of the brain. Nociceptive processing
is distributed across these brain regions (Morton, Sandhu, & Jones, 2016).
The nociceptive projection neurons of the spinal cord carry signals from the primary
afferents to the brain and make up approximately 10% of the dorsal horn neurons. Primary
afferents connect to these glutamatergic neurons both mono- and poly-synaptically, and they
form tracts originating primarily in laminae I or V that ascend to the brain. These ascending
fibers make up the anterolateral system, which is found in the anterior and lateral funiculi (Figure
18). The spinothalamic tract is the most important of these pathways and its lateral component
carries temperature and pain signals. It decussates via the anterior white commissure at its level
of entry into the spinal cord and ascends to the thalamus, with collaterals connecting to the
medullary nuclei, lateral parabrachial area, periaqueductal gray matter (PAG), and
hypothalamus. Additional tracts ascend directly to various brain areas, such as the spinoreticular,
spinoparabrachial, spino-PAG, and spinomesencephalic tracts (Diaz & Morales, 2016; Millan,
1999).
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Figure 18. Functional anatomy of the lumbar spinal cord, including the anterolateral system
(ALS), where the ascending nociceptive tracts are found. Adapted from “Spinal Cord Anatomy
and Clinical Syndromes,” by E. D. Diaz and H. Morales, 2016, Seminars in Ultrasound and CT
and MRI, 37(5), p. 366.
The spinothalamic tract can be separated into medial and lateral pathways based on their
termination in the thalamus (Figure 19). The medial pathway ascends to the medial thalamus and
subsequently the ACC and IC. This pathway is associated with the affective-emotional aspects of
pain. The lateral pathway ascends to the lateral thalamus and subsequently to SI and SII. This
pathway is associated with the sensory-discriminative aspects of pain (Morton, Sandhu, & Jones,
2016).
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Figure 19. The pain matrix. Two major pathways have been identified in the brain. The
spinothalamic tract ascends to the thalamus, with collaterals to the RVM and PAG. The medial
pathway (dark gray) projects to the ACC and IC, and processes affective-motivational aspects of
pain. The lateral pathway (light gray) projects to the primary and secondary somatosensory
corticies (SI and SII) and IC, and processes sensory-discriminative aspects of pain. The PFC and
amygdala participate in descending modulation of nociceptive processing. Adapted from “Brain
Imaging of Pain: State of the Art,” by D. L. Morton, J. S. Sandhu, and A. K. P. Jones, 2016,
Journal of Pain Research, 9, p. 614.
It should be noted that projection pathways named after their terminations in the brain are
misnomers to some degree, as most projection neurons project to multiple areas. Eighty-five
percent of lamina I neurons project to both the caudal ventrolateral medulla (CVLM) and the
lateral parabrachial area, 90% of lamina I neurons project to both the PAG and the CVLM or
lateral parabrachial area, and 80% of lamina I spinothalamic neurons also project to the lateral
parabrachial area (Cordero-Erausquin et al., 2016).
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Nociception in the brain was difficult to study directly until relatively recently. Research
was limited to animal models, external measurements of brain activity, postmortem studies, brain
stimulation during surgery, and subjective reports. Technological advances in the last halfcentury, such as positron emission tomography (PET), magnetoencephalography (MEG), and
functional magnetic resonance imaging (fMRI), have provided unprecedented access to the
internal workings of the brain. These technologies allow precise temporal and spatial
measurement and observation of structural and functional changes in response to pain (Morton,
Sandhu, & Jones, 2016).
Nociceptive input to the brain can trigger rapid plastic changes in the cortex. Repeated
pain stimulation leads to changes in the gray matter in many areas of the brain, including the
thalamus, parabrachial area of the pons, insula, ACC, somatosensory cortices, amygdala, and
PFC. Other effects can be observed, including increases or decreases in microstructural integrity,
which affects the effectiveness of signaling (Morton, Sandhu, & Jones, 2016; Zhuo, 2017)
The function of the human neuromatrix is influenced by psychological factors, including
attention, expectations, and memories of previous pain experiences. These effects can be
correlated with the function of particular neuromatrix subsystems. Negative emotions are
correlated with greater activity in the ACC and anterior IC. Increased activity can be observed
throughout the neuromatrix in anticipation of pain, even without stimulation. Expectations also
influence perceived pain intensity. When participants are told that a stimulus will be more or less
intense, their reports skew in that direction. Placebo analgesia can also be examined as a
neuromatrix phenomenon. Expectations correlate with increased activity in the PFC, leading to
decreased activity in medial pathway brain areas, including the ACC, IC, and thalamus, as well
as the spinal cord. Increased endogenous opioids have also been observed in the ACC, IC,
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dorsolateral PFC, and nucleus accumbens (NA). Placebo analgesia also involves activity in the
PAG, which is critical for descending inhibition (Morton, Sandhu, & Jones, 2016).
Axons descend from the brain and exert tonic and transient excitatory and inhibitory
influence on nociceptive processing in the dorsal horn (Figure 20). These pathways descend from
numerous brain regions, including the PFC, cingulate cortex, PAG, locus coeruleus, parabrachial
nucleus, and medullary formation. The PAG is an important site of convergence among
descending pathways. It has reciprocal connections with limbic areas and connections to
autonomic centers in the parabrachial area and nucleus tractus solitarius (NTS) of the medulla.
Critically, the PAG controls the descending neurons of the RVM. These neurons include ON
(excitatory) and OFF (inhibitory) cells that influence spinal nociceptive processing. Their cell
bodies intermingle in the RVM, but descend in separate pathways. They terminate in the
superficial dorsal horn, where they use the monoamine neurotransmitters dopamine,
norepinephrine, and serotonin, as well as GABA. They can be activated by ascending
nociceptive signals, opioids, and cognitive-attentional processes to produce excitatory or
inhibitory effects, which are involved in hyperalgesia and analgesia, respectively. This system
exhibits plasticity in the context of central sensitization (Cordero-Erausquin et al., 2016; Prescott
& Ratté, 2012).
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Figure 20. Ascending and descending nociceptive pathways, including descending modulation of
dorsal horn nociceptive processing via the PAG and the ON/OFF cells of the RVM. Adapted
from “Computational Functions of Neurons and Circuits Signaling Injury: Relationship to Pain
Behavior,” by L. M. Mendell, 2010, Proceedings of the National Academy of Sciences of the
United States of America, 108(3), p. 4.
Opioids operate in a critical descending modulatory system. The opioid receptors were
discovered before the peptides themselves (Pert & Snyder, 1973), and the endogenous opioids
were the first neuropeptides discovered (Hughes et al., 1975). The typical peptides dynorphin
and enkephalin are the most studied. Opioids are produced in the CNS, pituitary, and adrenal
glands, where they are derived from the precursor proenkephalin. They act on three G proteincoupled receptors classified into three major subtypes, δ, κ, and μ, found in glutamatergic and
GABAergic neurons in the superficial dorsal horn and primary afferents (Sardella et al., 2011).
They modulate nociception in these neurons by activating inwardly-rectifying potassium
channels and inhibiting voltage-gated calcium channels, as well as inhibiting the cAMP pathway
and activating MAPK pathways. Opioid synthesis and release may help set pain sensitivity,
given that pain thresholds vary with enkephalin levels (Oshita et al., 1990). Acute pain leads to
the release of endogenous opioids in particular brain regions of the neuromatrix, including the
insula, thalamus, amygdala, cingulate cortex, and NA. This release is compromised in many
chronic pain conditions. Prolonged opioid treatment leads to reduced gray matter and
compromised functional connectivity in many brain areas of the neuromatrix, including the
amygdala, cingulate, insula, and NA. These effects increase as a function of treatment duration
and are a significant obstacle to pain management (Morton, Sandhu, & Jones, 2016).
Sensitization. Plasticity is the ability of the nervous system to change in response to
experience. It encompasses a wide range of changes, from minute to extensive, local to systemic,
and momentary to permanent. Structure and function can be altered by molecular and cellular
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changes in the number and function of synaptic, somal, and axonic ion channels, receptors,
enzymes, transporter molecules, and transcription factors. These changes can have various
effects, including alterations in the synthesis, release, and uptake of neurotransmitters and
neuromodulators, induction or maintenance of synaptic or intrinsic plasticity, as well as changes
in cell morphology. Plasticity is a fundamental component of sensitization of the nociceptive
system (Luo, Kuner, & Kuner, 2014).
Some terminology must be clarified in order to understand the literature on sensitization.
The term hyperalgesia refers to “a state of increased intensity of pain sensation induced by either
noxious or ordinarily non-noxious stimulation of peripheral tissue” (Hardy, Wolff, & Goodell,
1950). The term allodynia was added later to describe pain elicited by normally-innocuous
stimuli. However, these two terms are often used in confusing or inconsistent ways. For example,
peripheral inflammation will shift the stimulus-response curve to the left, representing both an
increase the intensity of normally painful stimuli and pain in response to normally-innocuous
stimuli. Additionally, researchers often use the convention of calling this phenomenon heat
hyperalgesia, but mechanical allodynia (Sandkühler et al., 2009). The IASP recommends that the
term “hyperalgesia” be used to refer to increased pain sensitivity and the term “allodynia” to
refer to pain associated with normally non-nociceptive signaling (e.g., Aβ-fiber input) (IASP
Task Force on Taxonomy, 2008).
Sensitization refers to increased nociceptive fiber responses, while hyperalgesia refers to
increased pain behavior responses. Hyperalgesia is categorized as primary when the increased
pain response results from stimulation at the site of injury, and secondary when the increased
pain response results from stimulation of the uninjured area around the site of injury. Primary
hyperalgesia occurs with both heat and mechanical stimuli, while secondary hyperalgesia is
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indicated by mechanical allodynia, pain triggered by normally-innocuous tactile stimulation
outside the area of injury (Lewis, 1935).
Sensitization is a key feature of the nociceptive system and is normally adaptive. There
are four specific changes that fall under the label "sensitization:" (1) increased responsiveness of
nociceptive neurons to normally painful stimuli (hyperalgesia), (2) recruitment of a nociceptive
response to normally innocuous stimuli (allodynia), (3) increased spontaneous discharge of
nociceptive neurons, (4) and increased size of receptive fields of nociceptive neurons (Bourinet
et al., 2014; IASP Task Force on Taxonomy, 2011). Sensitization can occur peripherally, at the
peripheral terminal of the primary afferent, or centrally, at the synapse between the primary
afferent and the spinal cord. It is normally adaptive. After injury, increased alertness and
associated behavioral changes reduce the likelihood of further damage during the period of
highest risk. Sensitization can become pathological when central changes result in pain that is
uncoupled from noxious stimulation (Latremoliere & Woolf, 2009).
Peripheral sensitization was discovered in 1976 (Perl et al., 1976) and it is characterized
by decreased thresholds, increased responses, and increased spontaneous activity. It occurs in
three steps. First, injury triggers the release of inflammatory mediators from the peripheral
terminal of the neuron and from non-neuronal cells. Second, these mediators act on their
respective receptors. Third, activation of these receptors initiates intracellular pathways that
sensitize the neuron through post-translational and transcriptional mechanisms (Figure 21)
(Mifflin & Kerr, 2014). Peripheral sensitization is particularly important to heat hypersensitivity
at the site of injury. Carrageenan and other agents can also be used to induce inflammatory pain.
Injection of these agents leads to sensitization of A- and C-fiber nociceptors, as well as central
sensitization (Lisi et al., 2015).
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Figure 21. Inflammation-induced modulation of the peripheral terminal of the primary afferent.
Injury triggers the release of inflammatory mediators, which trigger post-translational and
transcriptional changes. These mechanisms modify various channels and receptors, resulting in
decreased thresholds, increased responses, and increased spontaneous activity. Adapted from
“Pain: Molecular Mechanisms,” by M. Costigan and C. J. Woolf, 2000, The Journal of Pain,
1(3), p. 36.
Peripheral sensitization represents hypersensitivity to stimuli, but this hypersensitivity
dissipates after the stimulus or injury has subsided. Pain is still due to activation of nociceptors.
This will be contrasted to central sensitization later. Peripheral sensitization does contribute to
central sensitization by increasing the release of glutamate, substance P, CGRP, and BDNF from
the central terminal of the primary afferent neuron (Sandkühler, 2009). Inflammation can also
induce NGF-mediated functional changes in large and medium A-fiber primary afferents, such
that they begin to express neuropeptides and neuromodulators typical of C fibers (substance P
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and BDNF). Low-threshold Aβ fibers and high-threshold Aδ fibers can undergo a phenotypic
switch and function like C fibers, contributing to central sensitization (Costigan & Woolf, 2000).
Tissue injury triggers an immune response from the peripheral terminal of the primary
afferent and many non-neuronal cells, including mast cells, basophils, platelets, macrophages,
neutrophils, endothelial cells, karatinocytes, fibroblasts, and Schwann cells. These cells release
inflammatory mediators, including substance P, bradykinin, prostaglandins, ATP, NGF,
serotonin, TNFα, IL-1β, IL-6, chemokines, histamine, nitric oxide (NO), glutamate, and protons,
which act G protein-coupled receptors, cytokine receptors, receptor tyrosine kinases (trk),
purinergic receptors, and ion channels. Most of these mediators sensitize the neuron rather than
activate it (Basbaum et al., 2009). Many modulate nociceptive signaling through by
phosphorylation of tetrodotoxin (TTX)-resistant sodium channels and modulation of TRPV1
channels (Ma & Quirion, 2007). Additionally, chemokines recruit immune cells to modulate
primary afferent activity, including sensitization of TRPV1 receptors (Wang et al., 2008).
Several inflammatory mediators act on G protein-coupled receptors to activate
intracellular pathways, such as bradykinin, serotonin, prostaglandins, and chemokines. Their
effects depend on the type of G protein that they activate. G s activation stimulates AC, which
increases cAMP levels and PKA activation, whereas G i inhibits AC, which reduces cAMP levels
and PKA activation. Activation of Gq/11 activates phospholipases, including PLC, which generate
IP3 and DAG from PIP2 in the membrane. DAG activates PKC directly, while IP 3 activates it
indirectly. IP3 diffuses to the endoplasmic reticulum where it acts on IP 3 receptors, triggering the
release of calcium into the cytoplasm. Finally, activation of G q stimulates PLA2, which cleaves
membrane phospholipids to produce arachidonic acid. Prostaglandins are then synthesized from
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arachidonic acid. G proteins can also affect ion channels and enzymes directly, such as PLC
activation by the βγ subunit (Smrcka, 2008; Zylbergold et al., 2010).
Substance P is an important inflammatory mediator at the peripheral terminal of
nociceptive primary afferents. It was discussed above.
Bradykinin is released from damaged tissue as well as mast cells and macrophages. It
activates and sensitizes myelinated and unmyelinated nociceptors through the G protein-coupled
receptors B1 and B2 receptors in both the periphery and spinal cord. It triggers activation of PLC
and PKC, production of arachidonic acids, and modulation of TRPV1 channels (Mizumura et al.,
2009).
Prostaglandins are cyclooxygenase (COX) products of arachidonic acid and one of the
earliest known inflammatory mediators. Upon binding to the G protein-coupled receptor EP2,
prostaglandin E2 (PGE2) potentiates AMPA receptor and NMDA receptor currents, activates
non-selective cation channels, including reduction of NaV1.8, a TTX-resistant voltage-gated Na+
channel thresholds, and reduces glycinergic inhibition. PGE2 also leads to increased pre-synaptic
transmitter release via its EP4 receptor (Reichling, Green, & Levine, 2013).
ATP and other purines are released from platelets and damaged tissue during
inflammation or injury. ATP activates P2X3 receptors on small-diameter primary afferents to
produce pain and inflammation. It is also involved in neuronal-glial-immune interactions. Its
effects are mediated to some degree by TRPV1-expressing Aδ and C fibers, where the receptors
are upregulated and phosphorylated by PKA and PKC during inflammation (Morales-Lazaro,
Simon, & Rosenbaum, 2013). ATP and other adenosine molecules also work through the G
protein-coupled P2Y receptor to facilitate TRPV1 signaling, increase calcium levels via opening
of ion channels and IP3-DAG-mediated intracellular release, potentiate TTX-resistant sodium
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channel NaV1.8 current, and inhibit potassium channel current. This leads to increased neuronal
excitability and cAMP response element binding protein (CREB) activation (Molliver et al.,
2002; Yousuf et al., 2011).
NGF was the first neurotrophic factor found to affect nociception. Inflammation triggers
the release of NGF from several non-neuronal cells, including fibroblasts, keratinocytes,
Schwann cells, lymphocytes, macrophages, and mast cells. It binds to the trkA receptor, which is
found on approximately half of small-diameter nociceptors, and on non-neuronal cells. NGF
induces nociceptor sensitization through multiple mechanisms. TrkA binding on nociceptors
leads to both altered gene expression and post-translational regulation of receptors and ion
channels. It modulates the activity of ligand- and voltage-gated ion channels, including TRPV1,
P2X3, acid sensing ion channel 3 (ASIC3), and TTX-resistant voltage-gated Na V1.8 channels, as
well as triggering the release of inflammatory mediators from non-neuronal cells. It may also
increase the proportion of Aδ fibers that are nociceptive (Chuang et al., 2001). NGF can activate
the MAPK, PI3K, and PLC-γ pathways (Cheng & Ji, 2008), and it can increase the central
release of substance P, CGRP, and BDNF (Costigan & Woolf, 2000). TrkA receptors are also
expressed in laminae I and IIouter in the spinal cord. Taken together, these findings indicate that
NGF affects nociceptive afferents that express substance P and CGRP and terminate in the
superficial laminae of the spinal cord (Averill et al., 1995; Molliver et al., 1995).
Serotonin is released from platelets when degranulating mast cells release platelet
activating factor (PAF), and it can activate nociceptors (Lang et al., 1990). Serotonin can also
interact with bradykinin to enhance its effects. The serotonin receptor 5-HT 2A is found in 40% of
small-to-medium DRG neurons and has significant overlap with TRPV1 channels (van
Steenwinckel et al., 2009).
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The cytokine TNFα initiates an important cascade that triggers the release of other
cytokines. Inflammation triggers its release from mast cells, Schwann cells, neutrophils, and
macrophages. TNFα binding to the TNF receptor 1 (TNFR1) triggers IL-1β and IL-6 generation
and release. IL-1β then stimulates COX-2, resulting in prostaglandin release and resulting
nociceptor sensitization (Moalem & Tracey, 2006). TNFα binding to TNFR1 also activates the
p38 MAPK, which enhances excitatory TTX-resistant voltage-gated Na + channel current,
resulting in potentiated nociceptive processing (Mifflin & Kerr, 2014).
Chemokines are small molecule cytokines that induce pain through direct action on
neurons and immune cell recruitment, and many chemokines are up-regulated in response to
inflammation or tissue injury. Their effects are mediated by G protein-coupled chemokine
receptors (CCR). Chemokine (C-C motif) ligand 2 (CCL2) and CX3CLI1 modulate pain
processing in the spinal cord and periphery, and they may also act as peripheral pain mediators.
CCL3 also induces pain by sensitizing TRPV1 receptors on DRG neurons (Wang et al., 2008).
NO is a non-receptor-mediated intercellular signaling molecule produced in many cells
adjacent to neurons in both the periphery and spinal cord, where it diffuses to its sites of action.
NO modifies intracellular processes by acting on guanylate cyclase to produces cyclic guanosine
monophosphate (cGMP), which then activates protein kinases, ion channels, phosphodiesterases,
and COX enzymes (Tegeder et al., 2011). NO can also activate TRPV1 channels in DRG
neurons (Miyamoto et al., 2009).
Excitatory amino acids, especially glutamate, are released from the peripheral terminal of
the primary afferent neurons and non-neuronal cells in response to nociceptor stimulation. The
non-neuronal sources include plasma, macrophages, and epithelial, dendritic, and Schwann cells.
Glutamate acts on ionotropic receptors and mGluRs 1 and 5 to induce hyperalgesia. mGluR1
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activation activates PLC, triggering the release of calcium from intracellular stores and activation
of PKC (Davidson et al., 1997). mGluR5 has also been found to overlap with TRPV1 channels
(Walker et al., 2001).
Central sensitization was originally defined as a “central excitatory state” (Hardy, Wolff,
& Goodell, 1950), but today the standard definition is “increased responsiveness of nociceptive
neurons in the central nervous system to their normal or subthreshold afferent input” (IASP Task
Force on Taxonomy, 2008). Note that this does not specify increased pain, though that is
normally the intended meaning. Some changes might occur in analgesic or pain-neutral
mechanisms. Even then, central sensitization could include decreased responsiveness of certain
neurons, such as excitation resulting from decreased activity in inhibitory neurons (Latremoliere
& Woolf, 2009; Sandkühler, 2010).
Central sensitization is characterized by increased pain sensitivity due to changes in the
structure and function of the central nociceptive system, including decreased thresholds,
increased responses to suprathreshold stimuli, crosstalk between pain and touch pathways
(Figures 22 and 23), increased spontaneous signaling, and expanded receptive fields. It is
induced by activity in neuronal, glial, and immune cells, through post-translational and
transcriptional mechanisms. There are multiple types of central sensitization that will be
described below. Typically, central sensitization develops in response to intense, repeated, and
sustained noxious stimulation due to injury or inflammation. Unlike peripheral sensitization, it
can persist long after the original injury (Latremoliere & Woolf, 2009).
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Figure 22. Under normal conditions, the sensations of pain and innocuous touch operate
separately. Low-intensity stimuli activate only the touch pathway and lead to innocuous
sensations, while high-intensity stimuli activate only the pain pathway and lead to painful
sensations. The two pathways do not functionally intersect. This separation is maintained by
strong synaptic connections within the pathways and inhibitory neurons that help prevent signals
from crossing over. Adapted from “Central Sensitization: Implications for the Diagnosis and
Treatment of Pain,” by C. J. Woolf, 2011, Pain, 152, p. S4.
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Figure 23. During central sensitization, multiple changes contribute to pathological pain. Strong
connectivity between the peripheral and dorsal horn neurons leads to increased pain from
noxious stimuli (hyperalgesia). Loss of inhibition and increased crosstalk between the touch and
pain pathways cause normally innocuous stimuli to be perceived as painful (allodynia). Adapted
from “Central Sensitization: Implications for the Diagnosis and Treatment of Pain,” by C. J.
Woolf, 2011, Pain, 152, p. S4.
Clifford Woolf (1983) discovered central sensitization, which can be induced by intense,
repeated, and sustained nociceptive stimulation. He found that injury to one paw facilitated the
withdrawal reflex in the non-injured paw, establishing plasticity in the (motor) ventral horn and
indicating a central mechanism. This finding was subsequently extended to the (sensory) dorsal
horn (McMahon & Wall, 1984). In the decade before Woolf's discovery, an understanding of
peripheral sensitization was developing, but central pain processing was generally described as a
passive relay system that carries peripheral signals encoded for the onset, duration, intensity,
location, and quality of noxious stimuli (Woolf, 2011).
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Several important findings preceded the discovery of central sensitization. Lloyd (1949)
first described use-dependent synaptic plasticity in the CNS, and Hardy, Wolff, and Goodell
(1950) suggested that secondary hyperalgesia could be explained by the activation of
interneurons that facilitate pre-existing connections between the areas of primary and secondary
hyperalgesia. Mendell and Wall (1965) discovered the phenomenon of windup (temporal
summation) in the dorsal horn of the spinal cord, where repeated, low frequency, constant
strength C-fiber stimulation led to progressively increasing rate of action potentials. Bliss and
Lomo (1973) described LTP in the hippocampus, precipitating extensive research into the
mechanisms of synaptic plasticity. LTP was later established in the spinal cord, though the use of
this term is disputed (see below) (Randić, Jiang, & Cerne, 1993; Woolf, 2011).
Activity-dependent sensitization refers to short-term plasticity that operates on a time
scale of seconds to hours, and it can be observed throughout the nociceptive system. It is the first
of two phases of central sensitization, and it is mediated by post-translational mechanisms. Preand post-synaptic changes can produce hyperexcitability, such as increased neurotransmitter
release or sensitization of receptors, respectively. Short-term depression can also occur, such as
pre-synaptic depletion of available neurotransmitter vesicles or post-synaptic receptor
desensitization. These depressive effects can work to filter incoming nociceptive signals.
Activity-dependent central sensitization is adaptive because it results in increased vigilance
around an injury and avoidance of potentially harmful stimuli (including normally-innocuous
ones), but reverses after the cessation of injury or noxious input (Luo, Kuner, & Kuner, 2014).
Chronic sensitization is the second phase of central sensitization, where activitydependent sensitization lasts beyond the original injury. It is established through transcription
and synthesis of new proteins on a time scale of minutes to permanent. Once established, it can
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operate without some of the mechanisms necessary to induce it. The result is chronic pain, a
disease of the nervous system where pain is persistent and uncoupled from noxious stimulation
(Latremoliere & Woolf, 2009).
Central sensitization must be distinguished from simpler forms of potentiation and LTP.
There are two forms of activity-dependent facilitation, but only one constitutes central
sensitization. Homosynaptic facilitation refers to potentiation of signaling at an activated synapse
on a dorsal horn neuron, while heterosynaptic facilitation refers to potentiated signaling in a nonactivated synapse triggered by activation of a different synapse on that post-synaptic neuron
(Figure 24). Windup is mediated by homosynaptic facilitation. Repeated C-fiber activation (0.55 Hz) triggers substance P and CGRP release, which produces cumulative post-synaptic
activation through temporal summation. The terminology becomes difficult at this point. Windup
is often equated with LTP as discovered in the hippocampus (Bliss & Lomo, 1973). They are
similar in that hippocampal LTP is also a form of homosynaptic facilitation, but the process of
windup itself is brief, not long-term. Central sensitization is also often equated with LTP, but
should not be. Heterosynaptic sensitization of the entire neuron, i.e., facilitation of the synaptic
connections to other incoming signals, is necessary for the classic features central sensitization.
For example, changes in receptive fields explain tactile allodynia in the area of secondary
hyperalgesia. Nociception-specific dorsal horn neurons receive significant small-amplitude input
from low-threshold Aβ afferents outside its normal receptive field. Heterosynaptic facilitation
potentiates this input, such that these fibers can drive nociceptive signaling in the spinal cord,
making even light touch painful. Loss of tonic inhibition contributes to tactile allodynia and
spontaneous pain. Reduced GABA and glycinergic inhibitory control causes normallysubthreshold input to activate nociception-specific dorsal horn neurons (Latremoliere & Woolf,
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2009). Note that this description of LTP and sensitization has been challenged (Latremoliere &
Woolf, 2010; Sandkühler, 2010)

Figure 24. Homosynaptic and heterosynaptic facilitation. In homosynaptic facilitation,
facilitation occurs only in the activated synapse. In heterosynaptic facilitation, facilitation occurs
at additional synapses, which can sensitize the entire neuron. This mechanism underlies
allodynia and secondary hyperalgesia. Adapted from “Central Sensitization: A Generator of Pain
Hypersensitivity by Central Neural Plasticity,” by A. Latremoliere and C. J. Woolf, 2009, The
Journal of Pain, 10, p. 906.
Numerous descriptions of the roles of neurotransmitters, receptors, channels, and
physiological states in nociception involve activation of intracellular signaling pathways. They
form a complex web of mechanisms that modifies the structure and function of the cell, its
environment, and its interactions with neighboring cells. The following are the most common
second messengers relevant to nociception and sensitization, which operate through both posttranslational and transcriptional mechanisms (Figures 25 and 26).
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Figure 25. Several intracellular pathways contribute to the generation of central sensitization.
Most of the cascades converge to activate ERK. Adapted from “Central Sensitization: A
Generator of Pain Hypersensitivity by Central Neural Plasticity,” by A. Latremoliere and C. J.
Woolf, 2009, The Journal of Pain, 10, p. 903.
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Figure 26. Multiple mechanisms underlie central sensitization, including (A) immediate
posttranslational modulation, (B) receptor trafficking, and (C) gene transcription. (A) AMPA and
NMDA receptor phosphorylation leads to changes in their thresholds and activation kinetics.
ERK also leads to the phosphorylation of Kv4.2 channels, decreasing K + current and increasing
excitability. (B) Insertion of GluR1-containing AMPA receptors increases calcium permeability.
(C) Changes in gene transcription, activated through multiple (particularly calcium-mediated)
intracellular mechanisms, contribute to the maintenance of central sensitization. Adapted from
“Central Sensitization: A Generator of Pain Hypersensitivity by Central Neural Plasticity,” by A.
Latremoliere and C. J. Woolf, 2009, The Journal of Pain, 10, p. 902.
PLC is activated by group I mGlu receptors and NK-1 receptors. PLC catalyzes the
hydrolysis of membrane-bound PIP2, producing IP3 and DAG. IP3 translocates to the
endoplasmic reticulum where it binds with its receptor, releasing calcium from intracellular
stores. Calcium participates in a number of important mechanisms (Reichling, Green, & Levine,
2013).
cAMP/PKA was the first second messenger system discovered and is involved in many
nociceptive mechanisms.. It carries out most of its effects through phosphorylation of voltageand ligand-gated sodium, potassium, and calcium channels, initiation of receptor trafficking to or
from the cell membrane, and activation of DNA transcription pathways, which helps induce
activity-dependent sensitization and establish chronic sensitization. These increases in cation
channel current feed back, triggering greater second messenger activity. G αs-protein activation
stimulates AC, which in turn triggers cAMP production. cAMP then activates PKA. Elevated
calcium levels also drive calmodulin-mediated stimulation of AC 1 and 8, producing cAMP, and
activating PKA (Wei et al., 2006).
PKC also contributes to many nociceptive mechanisms. It is activated by the PLC/IP 3
pathway through multiple routes. IP3-mediated increases in intracellular calcium activate PKC,
while DAG activates it directly. Much like PKA, PKC phosphorylates cation channels and
receptors, driving post-translational and transcriptional mechanisms to induce activity-dependent

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

67

sensitization and establish chronic sensitization. These increases in cation channel current feed
back, triggering greater second messenger activity (Latremoliere & Woolf, 2009).
CaMKII is activated by calcium and, along with PKA, increases receptor activation and
insertion into the cell membrane. The resulting increases in cation channel current feed back,
triggering greater second messenger activity (Latremoliere & Woolf, 2009).
Calcium plays a major role in both peripheral and central intracellular mechanisms
(Figure 27). Pre-synaptic voltage-gated calcium channels mediate neurotransmitter release, and
appear to be an effective target for analgesics (Waxman & Zamponi, 2014). Intracellular calcium
in post-synaptic neurons represents a major convergence point of signaling, and it activates
several other intracellular mechanisms that contribute to activity-dependent and chronic
sensitization. Glutamate, substance P, CGRP, and BDNF act on their respective receptors
(ionotropic, in the case of glutamate) to depolarize the post-synaptic neuron and open voltagegated calcium channels, while group I metabotropic glutamate receptors and NK-1 receptors
trigger the release calcium from intracellular stores via the PLC/IP 3 pathway. Mitochondria also
influence intracellular calcium levels. These increases activate calcium-dependent intracellular
mechanisms, including PKA, PLC, PKC, and CaMKII, nitric oxide synthase (NOS), and ERK.
These mechanisms increase the synaptic efficacy of AMPA and NMDA receptors, increase
AMPA receptor calcium permeability and trafficking to the membrane, and increase NMDA
receptor reactivity to glutamate by reducing Mg2+ blockade of the ion channel (Luo, Kuner, &
Kuner, 2014; Mifflin & Kerr, 2014; Reichling, Green, & Levine, 2013).
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Figure 27. Sources of calcium in the dorsal horn synapse. (A) Control, non-activated conditions.
(B) Nociceptor input leads to NMDA and mGlu receptor activation, resulting in a rapid increase
in calcium concentration. Calcium influx leads to PKC and CaMKII activation, which
contributes to central sensitization. (C) Inflammation-induced central sensitization features a
shift from GluR2/3- to GluR1-containing AMPA receptors, as well as voltage-dependent calcium
channel and NMDA receptor activation, and additional entry of calcium. Combined with the
action of G protein-coupled mGlu, NK-1, B2, and CGRP1 receptors, these mechanisms lead to
the release of calcium from intracellular stores, recruiting PKC and CaMKII, resulting in a
strengthened excitatory synapse. Adapted from “Central Sensitization: A Generator of Pain
Hypersensitivity by Central Neural Plasticity,” by A. Latremoliere and C. J. Woolf, 2009, The
Journal of Pain, 10, p. 901.
NO is produced through multiple types of NOS, neuronal NOS (nNOS), endothelial NOS
(eNOS), and inducible NOS (iNOS). It acts both peripherally and centrally, and contributes to
activity-dependent and chronic sensitization. nNOS is found in the dorsal horn and is the most
important type in nociception. NOS activation is driven by NMDA receptor-mediated increases
in intracellular calcium. When NO acts on its soluble guanylyl cyclase receptor, it triggers the
conversion of guanosine triphosphate into cyclic guanosine monophosphate (cGMP). Diffusion
of NO from the post-synaptic neuron allows it to act as a neurotransmitter. It increases
glutamate, substance P, and CGRP release from the pre-synaptic terminal and triggers astrocyteand microglia-mediated production of NO through iNOS. Combined with NMDA receptormediated increases pre-synaptic glutamate release, NO participates in a feedback loop that
increases excitability (Cury et al., 2011; Mifflin & Kerr, 2014).
PKA, PKC, and ephrinB receptor tyrosine kinase signaling converge on the Src family
kinases (SFK), which significantly upregulate NMDA receptors. Src can also mediate IL-1β
upregulation of NMDA receptors (Salter & Kalia, 2004; Viviani et al., 2003).
All nociceptors use glutamate as their principal signaling molecule, which acts on three
types of ionotropic receptors and a number of metabotropic receptors. Glutamate drives most
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post-synaptic excitation. The ionotropic receptor types are AMPA, NMDA, and Kainate.
Modification of glutamate signaling in dorsal horn neurons is critical to sensitization.
The AMPA receptors mediate much of the excitatory post-synaptic potential at
glutamatergic synapses. They are tetramers found in almost every synapse. Under normal
conditions, they are Na+-permeable, and Ca2+-permeable as well, so long as they express the
GluR1 or GluR3 subunits and not the GluR2 subunit. Under normal conditions, signaling is
influenced by the arrangement of these receptors. Inhibitory interneurons preferentially express
the calcium-permeable GluR1 subunit, while excitatory neurons express preferentially express
the calcium-impermeable GluR2 subunit, resulting in relatively strong inhibition and weak
excitation. GluR1/GluR2 heteromers exhibit GluR2-like properties. Intense or sustained input
leads to AMPA receptor phosphorylation by PKA, PKC, CaMKII and ERK, which increases
excitatory activity through increased probability of receptor opening, conductance, and
trafficking, as well as a shift from calcium-impermeable GluR2/3-expressing receptors to
calcium-permeable GluR1-expressing receptors at the membrane. During inflammatory pain,
calcium-permeable AMPA receptors account for a significant portion of the calcium influx,
comparable to NMDA receptors. This influx drives calcium-dependent intracellular signaling
pathways (Luo, Kuner, & Kuner, 2014; Qin et al., 2005).
The NMDA receptors are also tetramers found in nearly every synapse, and their
activation is essential to activity-dependent central sensitization and the establishment of chronic
sensitization. They contain two low-affinity glycine binding NR1 subunits and two subunits from
six others, NR2A-D and NR3A/B. They are non-selective cation channels activated by
simultaneous binding of glutamate and glycine, but first require depolarization of the neuron to
remove a Mg2+ block from the channel. Sustained release of glutamate, substance P, and CGRP
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into the dorsal horn synapse drives the necessary depolarization. NMDA receptor activation
increases both synaptic efficacy and intracellular calcium levels, which drive several important
intracellular mechanisms that contribute to sensitization. NDMA receptor-mediated calcium
influx may be influenced by inflammatory mediators as well. There is some evidence of the
cytokine IL-1β causing Src kinase-mediated phosphorylation of NMDA receptor subunits NR2 A
and NR2B, influencing the number of NMDA receptors at the membrane. NMDA receptor
function is increased by PKA-, PKC-, ERK-, CaMKII-, and Src-mediated phosphorylation,
resulting in increased cation flow through the channel and reduced endocytosis of activated
receptors (Luo, Kuner, & Kuner, 2014; Salter & Kalia, 2004; Slack et al., 2004; Viviani et al.,
2003). The ionotropic Kainate receptors are expressed both pre- and post-synaptically. They are
activated by strong noxious stimuli (Latremoliere & Woolf, 2009).
mGlu receptors can be homo- or hetero-dimers, and their activation can have pronociceptive or anti-nociceptive effects. They are found throughout the nociceptive system
(Figure 28) and mediate slower modulatory signaling compared to the ionotropic receptors.
There are eight types broken down into three families. Group I (mGluR1 and 5) couple with the
stimulatory Gq-protein and activate PLC, resulting in release of calcium from intracellular stores.
Group II (mGluR2 and 3) and Group III (mGluR 4, 6, 7, and 8) couple with the inhibitory G i/oprotein, and their activation inhibits AC, activates G protein-coupled inwardly-rectifying
potassium channels, and inhibits voltage-gated calcium channels. Group I mGlu receptors are
found mostly post-synaptically, where they increase neuronal excitability. Group II and III mGlu
receptors are mostly found pre-synaptically, where they act as autoregulators to decrease
neurotransmitter release (Montana & Gereau, 2011). The group I mGlu receptors are expressed
in specific dorsal horn laminae. mGluR5 are found in laminae I-II, whereas mGluR1 are found in

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

72

lamina V. Group I mGluRs are necessary for C fiber-driven activity-dependent central
sensitization, while group II and III reduce it (Chiechio & Nicoletti, 2012). Additionally,
peripheral inflammation promotes mGluR1 trafficking to the synapse and mGluR5 insertion into
the membrane (Pitcher, Ribeiro-da-Silva, & Coderre, 2007).
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Figure 28. Localization and function of the metabotropic glutamate receptors throughout the
nociceptive system, in both ascending and descending pathways. Adapted from “Therapeutic
Potential of Group III Metabotropic Glutamate Receptor Ligands in Pain,” by F. Acher and C.
Goudet, 2015, Current Opinion in Pharmacology, 20, p. 65.
Synaptic transmission and central sensitization involve several important mechanisms in
addition to glutamate, especially substance P, CGRP, and BDNF. Substance P contributes to
central sensitization through temporal summation and long-lasting depolarization in the context
of inflammation. NK-1 receptor activation increases intracellular calcium levels in the postsynaptic neuron by opening voltage-gated channels and activating the PLC/PKC pathways,
activating post-translational and transcriptional mechanisms that contribute to sensitization. NK1 receptor activation can also influence other G protein-coupled receptors, such as inhibiting or
facilitating μ-opioid receptor endocytosis and desensitization (Steinhoff et al., 2014). NK-1
receptors are upregulated through an ERK-dependent mechanism during inflammation,
increasing their contribution to central sensitization (Ji et al., 2002). CGRP is co-released with
substance P. It binds to the CGRP1 receptor and potentiates the effects of substance P, increases
BDNF release, and activates intracellular signaling pathways, including PKA and PKC
(Latremoliere & Woolf, 2009). Substance P signaling can be blocked by the selective NK-1
receptor antagonist CP-96,345 (Snider et al., 1991; Yashpal, Pitcher, & Henry 1995).
BDNF is a neurotrophic factor and synaptic modulator that binds to the trkB receptor. It
is released by primary afferents in response to intense noxious stimulation, and from microglia in
response to ATP, and it contributes to central sensitization through pre-synaptic and postsynaptic mechanisms. Post-synaptically, it acts on lamina I-II receptors, causing them to
autophosphorylate, and activates intracellular mechanisms, including PLC/PKC and MEK/ERK.
It also increases KV4.2 potassium channel phosphorylation, leading to increased membrane
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excitability. BDNF inhibits the K+/Cl- co-transporter (KCC2), which raises the intracellular Cl concentration and decreases or even reverses GABA A- and glycine-mediated inhibition. When
reversed, GABA and glycine signaling can contribute to depolarization (Coull et al., 2005).
BDNF drives transcriptional mechanisms as well, including ERK/CREB and PI3K (Mifflin &
Kerr, 2014; Pezet et al., 2008).
Bradykinin is produced in the spinal cord after intense peripheral stimulation. It
contributes to central sensitization when it binds to the G q protein-coupled B2 receptor in the
dorsal horn to increase synaptic strength and activate intracellular signaling pathways, including
PKA, PKC, and ERK (Latremoliere & Woolf, 2009).
Serotonin contributes to central sensitization when it binds to the ionotropic 5-HT 3 and
possibly the 5-HT7 Gs protein-coupled receptor (Latremoliere & Woolf, 2009). In addition to
peripheral input, descending modulation by the 5-HT system may also contribute to ERK
activation (Ji et al., 2009).
GABA and glycine mediate fast inhibitory synaptic transmission through the ionotropic
GABAA and glycine receptors. GABA also mediates slow, long-lasting, mostly pre-synaptic
inhibition through the G protein-coupled GABAB receptor (Figure 29). Inhibitory interneurons
have several critical functions: mute activity in excitatory neurons through tonic GABA/glycinergic inhibition, which prevents spontaneous pain; attenuate excitation through tonic,
feedback, and feedforward mechanisms, where disinhibition leads to hyperalgesia; limit the
spread of excitation within the spinal cord, which prevents radiating and referred pain; prevent
crosstalk between nociceptive and non-nociceptive pathways by inhibiting pre-existing
connections, which prevents allodynia; and prevent plasticity in nociceptive pathways by
inhibiting pre-synaptic neurotransmitter and neuromodulator release, as well as inhibiting post-
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synaptic voltage-gated AMPA- and NMDA-mediated Ca2+ conductance, which prevents chronic
pain. Inhibitory interneurons require excitatory drive in order to exert their effects. This input
comes from descending axons, excitatory interneurons, and primary afferent neurons. Decreased
excitatory drive compromises inhibitory control (Figure 30). Glycinergic inhibition can also be
inhibited by a prostaglandin-PKA mechanism in response to peripheral inflammation. When
inflammation induces COX-2 and microsomal prostaglandin E synthase, PGE2 is produced in
the dorsal horn. PGE2 then raises cAMP levels when it binds to the EP 2 receptor. In turn,
elevated cAMP levels activate PKA, and PKA phosphorylates α3 subunit-containing glycinergic
receptors. This phosphorylation suppresses the inhibitory function of these receptors, resulting in
disinhibition (Ahmadi et al., 2002; Luo, Kuner, & Kuner, 2014).
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Figure 29. GABA-/glycinergic inhibition in the spinal dorsal horn. Several populations of
neurons are found here, including GABAergic and glycinergic interneurons, and descending
GABAergic and glycinergic neurons. Adapted from “Spinal Dis-inhibition in Inflammatory
Pain,” by H. U. Zeilhofer and U. B. Zeilhofer, 2008, Neuroscience Letters, 437, p. 172.

Figure 30. Inflammation-induced disinhibition in the spinal cord. Inflammation induces the
production of PGE2 , which increases cAMP levels and activates protein kinase A (PKA).
Phosphorylation inhibits glycinergic inhibitory neurons, disinhibiting nociceptive neurons in the
superficial dorsal horn. Adapted from “Spinal Dis-inhibition in Inflammatory Pain,” by H. U.
Zeilhofer and U. B. Zeilhofer, 2008, Neuroscience Letters, 437, p. 171.
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Intracellular Cl- concentration determines whether GABA and glycine are excitatory or
inhibitory. Inhibitory interneurons normally inhibit nociceptive neurons post-synaptically by
releasing GABAA and glycine, which bind to their receptors and open Cl - channels. The KCC2
maintains a low Cl- concentration in the nociceptive neuron, resulting in a more negative Cl equilibrium potential (ECl-) compared to the resting potential of the neuron (VRest). This promotes
inward flow of Cl- into the nociceptive neuron, leading to hyperpolarization and inhibition. This
post-synaptic inhibition can be reduced or even reversed by BDNF-mediated reduction in KCC2
function. In this case, the Cl- concentration in the neuron increases and the ECl- becomes less
negative than VRest. GABAA and glycine receptor activation then leads to outward flow of Cl -,
such that GABA and glycine have excitatory effects (Coull et al., 2005).
Inhibitory interneurons also exert pre-synaptic inhibition, but through a different
mechanism. The sodium-potassium-chloride co-transporter-1 (NKCC1) brings Cl - into the
primary afferent terminal. This increased Cl - concentration makes the ECl- less negative than
VRest and therefore Cl- flows out of the neuron when GABAA receptors are activated. This has an
inhibitory effect because moderate depolarization of the terminal inactivates voltage-gated
calcium channels, which are necessary for neurotransmitter release. It also shunts the current of
incoming action potentials (Rudomin & Schmidt, 1999). It is possible that GABA A receptormediated depolarization becomes larger during inflammation such that it leads to voltage-gated
calcium channel activation and action potentials, which would produce excitatory pre-synaptic
effects (Cervero et al., 2003; Pitcher & Cervero, 2010).
The MAP kinases are an important family of messengers that translate extracellular
signals into a wide variety of intracellular responses via transcriptional and non-transcriptional
mechanisms. The ERK and p38 pathways are the most important for nociception. They are
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activated by noxious stimulation and inflammation, and mediate several mechanisms for the
induction and maintenance of sensitization.
ERK was the first MAP kinase discovered and is the most important in inflammatory
pain. pERK levels in the dorsal horn are low under normal circumstances, and ERK activation
correlates with neuronal plasticity, making pERK an important marker of inflammation. C-fiber
activation leads to ERK activation, which involves AMPA, NMDA, mGlu, NK-1, and trk
receptors, likely through converging actions of PKA and PKC (Kawasaki et al., 2004).
Administration of inflammatory agents activates C fibers, leading to rapid (less than 1 minute),
intensity-dependent ERK phosphorylation. ERK’s role in sensitization has been demonstrated by
inhibition of the ERK activator MEK. This prevents second-phase hyperalgesia in the formalin
test, which is associated with central sensitization, as well as LTP induced by tetanic C-fiber
stimulation (Ji et al., 1999; Xin et al., 2006).
ERK is found in two isoforms, ERK1 and ERK2, and several important pain pathways
converge on it (Figure 31). First, NMDA receptor activation leads to increased intracellular Ca 2+
levels. This activates PKC and subsequently Src, which activates the Ras-Raf-1-MEK-ERK
pathway at the level of Raf-1. Second, BDNF trkB receptors act directly on Ras and indirectly on
Raf-1 via PI3K-Rac. Both pathways activate ERK. Third, mGlu receptors and NK-1 receptors
activate an AC-dependent cascade composed of Ca 2+-AC1/8-cAMP-PKA-RAP-1-B-Raf-MEKERK. mGlu receptors and NK-1 receptors activate PLC, which cleaves membrane-bound PIP 2
into DAG and IP3. IP3 binds to receptors on the smooth endoplasmic reticulum and triggers
calcium release, which activates AC 1 and 8, as well as PKC. Additionally, descending serotonin
input may contribute to ERK activation. ERK then activates both post-translational and
transcriptional mechanisms. This leads to receptor and channel modulation, resulting in
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decreased Kv4.2 conductance and increased AMPA and NMDA receptor conductance and
trafficking. Once phosphorylated, ERK can enter the nucleus and activate ribosomal s6 kinases.
This results in phosphorylation of CREB at the serine 133 residue. CREB binds to the cAMP
response element (CRE) and initiates transcription. ERK also promotes gene expression of NK1, COX-2, c-fos, Zif268, pro-Dyn, and trkB. These post-translational and transcriptional effects
lead to induction and maintenance of central sensitization (Ji et al., 2009; Latremoliere & Woolf,
2009; Mifflin & Kerr, 2014).
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Figure 31. ERK is activated in superficial dorsal horn neurons by multiple receptors through
multiple intracellular mechanisms. ERK contributes to the induction of central sensitization
through post-translational mechanisms and maintenance of central sensitization through
transcriptional mechanisms. Adapted from “MAP Kinase and Pain,” by J. R. R. Ji et al., 2009,
Brain Research Reviews, 60, p. 140.
There are four isoforms of the MAP kinase p38 (p38α, p38β, p38γ, and p38δ), but p38α
and p38β are the most important for pain. p38α is the most abundant form in the DRG and spinal
cord (Ji et al., 2002), and p38β is found in spinal microglia. Basal p-p38 levels are moderate and
increase robustly in response to nerve injury. Many mediators and receptors have been found to
activate p38, including TNFα, IL-1β, and the NK-1 receptor. When it is activated by the MAPK
kinase MKK3/6, it translocates to the nucleus, where it phosphorylates transcription factors, such
as activating transcription factor 2 (ATF-2). Once activated, p38 increases the synthesis of many
inflammatory mediators, including TNFα, IL-1β, COX-2, and iNOS. These may be the result of
transcriptional regulation, but p38 activation also triggers IL-1β release from microglia through a
post-translational mechanism (Ji et al., 2009). p38 activation also leads to the production of
prostaglandins (Svensson et al., 2003a,b).
The PI3K pathway is important for plasticity and the establishment of chronic
sensitization. It will be discussed in detail later.
Estrogen. Sex differences in pain perception and the prevalence of chronic pain
conditions have been well documented. Women have lower pain thresholds in response to
thermal, mechanical, chemical, and inflammatory stimulation (Fillingim et al., 2009), and are at
greater risk of chronic pain (Carmichael, Charlton, & Dostrovsky, 2009). However, the literature
describing sex differences in pain is complex. There are many contradictory findings, making
consensus difficult to reach. However, the existence of sex differences in the experience and
frequency of pain is strongly supported (Bartley & Fillingim, 2013; Mogil, 2012).
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There are three operationally defined types of sex differences: (1) sexual dimorphism,
where a feature exists in only one sex (e.g., nursing) or is expressed differently in each sex (e.g.,
mating behaviors); (2) sex differences, where a feature differs quantitatively between males and
females; and (3) sex convergence and/or divergence, where the sexes share a feature, but the
underlying neural mechanisms are qualitatively different (McCarthy et al., 2012). Quantitative
differences have received more attention in the literature, but research into qualitative findings is
increasing. Qualitative differences are predicted to be more important in the long run (Mogil,
2012).
One issue is determining whether observed sex differences are organizational (due to
developmentally-determined, sex-specific physiologies) or activational (due to reversiblymodulated, sex-shared physiologies, such as levels of gonadal steroids). Evidence has been
found supporting both categories (Mogil, 2012). Two approaches are used to study the effects of
hormones on pain. The role of endogenous hormones is studied in pre- versus post-menopausal
women or intact versus OVX female animals. The individual role of estrogens is studied using
hormone replacement (Amandusson & Blomqvist, 2013).
The OVX hormone model has limitations. It does not completely eliminate estrogens
from the system, as it is synthesized from androstenedione in the adrenal cortex. They are also
stored in fatty tissue and may be released for weeks following ovariectomy (Deslypere,
Verdonck, & Vermeulen, 1985). The reduction of estrogens itself has limitations, as findings
based on non-cycling female animals may not extrapolate to women, especially pre-menopausal
women. Finally, although the OVX model allows for precise hormone manipulations, similar
treatments can produce very different outcomes, e.g., short-term and long-term estradiol
treatment have opposite effects on trkA mRNA in the DRG (Liuzzi, Scoville, & Bufton, 1999).
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Together, the difficulties in hormone and nociception research represent significant obstacles to a
comprehensive understanding of pain.
A connection between estrogen and pain in humans was first suggested by Herren (1933).
Research since then has shown that women generally have greater sensitivity to pain, less
tolerance of pain, and greater somatization. They are 2-6 times more likely to suffer from certain
chronic pain conditions, including irritable bowel syndrome (IBS), temporomandibular disorder
(TMD), fibromyalgia-like conditions, and chronic headaches. However, other conditions are
more likely in men. The incidence of disorders appears to be related to hormones. Fibromyalgialike conditions in women peak around menopause, and post-menopausal women suffer from
joint pain and stiffness twice as frequently as pre-menopausal women. Pain sensitivity also
appears to vary across the menstrual cycle, but this finding is less conclusive (Amandusson &
Blomqvist, 2013).
The complexity of the hormonal and nociceptive systems precludes simple categorization
into pro- vs. anti-nociceptive. There are a variety of estrogens, receptors, mechanisms, cell types
and locations, as well as potential indirect effects, such as hormone-immune interactions. These
systems may also be modified in different states, such as inflammation, potentiation, etc. All
these factors may interact with genetics. Design issues exist as well. Typically, only one or a few
factors are assessed in a given study, and the designs of these studies can vary in important ways.
Insufficient samples sizes are also common (Craft, 2007; Mogil, 2012; Mogil et al., 2000).
Lack of research on females and inadequate consideration of sex differences are critical
issues. Although these shortcomings have received more attention in recent decades, females
remain seriously underrepresented (Fillingim et al., 2009), particularly in the preclinical pain
literature (Mogil & Chanda, 2005). Avoidance of female subjects may be due in part to concerns
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over estrous cycle effects, as well as inertia within the research community. Given that
qualitative sex differences have been established and women are disproportionately impacted by
pain conditions, researchers must do more to study female subjects and address sex differences
(Mogil, 2012).
There are significant methodological issues in the investigation of sex differences. In
humans, imperfect assessment of cycle stage, individual variability in hormone levels,
underpowered studies are obstacles (Sherman & LeResche, 2006). In animals, a lack of time
course assessments are common, limiting the detail that can be achieved. Waxing and waning
estrogens are rarely studied, but could be critical for understanding a given pain condition, as is
the case for migraine headaches (Craft, 2007). Short-term vs. long-term assessment is also
lacking, despite the fact that fluctuating estrogens are known to have an effect on nociception
(Craft et al., 2008).
Estrogens are one of the earliest known hormones at around 500 million years old
(Lange, Hartel, & Meyer, 2003), and they are found throughout the animal kingdom, in fish,
reptiles, amphibians, birds, and mammals. The physiological actions of estrogens display an
unusual diversity in different species. Estrogens’ relationship to nociception and its diverse
actions may be explained by the early developmental history of the hormones and their receptors.
The estrogen receptors (ER) may have developed before the estrogen ligands and operated as a
transcription factor for sensory processing, hence its connection to nociception and a variety of
other cellular mechanisms (Thornton, 2001).
Ovarian hormones were discovered in 1923 (Allen & Doisy, 1923) and have been
established as fundamental factors in basic cellular mechanisms in both males and females. They
are involved in numerous physiological processes, especially control of reproduction and
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development. Estrogens are synthesized from cholesterol in several steps (Figure 32).
Cholesterol is converted into pregnenolone, which is then converted into both progesterone and
dehydroepiandrosterone. These converge and become androstenedione, which is the source of
the important hormone testosterone, as well as the less potent estrogen estrone. Testosterone is
aromatized into 17β-estradiol, which is the most potent and biologically active estrogen. It is
primarily produced in the ovaries, but the aromatase is present in other tissues, including the
brain. Estrogen is released in response to a hormonal cascade. Gonadotropin-releasing hormone
(GnRH) is released from the hypothalamus. This triggers the release of follicle stimulating
hormone (FSH) and luteinizing hormone (LH). These two hormones trigger the secretion of
estrogen (Amandusson & Blomqvist, 2013).

Figure 32. Estrogen is synthesized from cholesterol through a number of steps and multiple
mechanisms. Adapted from “Estrogenic influences in pain processing,” by Å. Amandusson & A.
Blomqvist, 2013, Frontiers in Neuroendocrinology, 34, p. 330.
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Until the 1950s, it was widely thought that estrogens exert their intracellular effects by a
metabolic process. This consensus was overturned by the discovery of an estrogen receptor
mechanism. The ERs can be divided into the nuclear receptors and membrane receptors, which
are found in neurons and glia. Estrogens are lipid soluble and can diffuse into the cell and
activate either receptor type (Amandusson & Blomqvist, 2013). Their action may or may not be
dose-dependent. Both have been observed (Craft, 2007).
Estrogens work through multiple mechanisms (Figure 33). The nuclear ERs are part of
the genomic (or classic) pathway. They are categorized as α or β type, which were cloned in
1985 and 1996, respectively. Both 17α-estradiol and 17β-estradiol bind more strongly to the ERα
type. However, the ERβ is more associated with inflammatory and hyperalgesic processes. When
they bind to their ligand, nuclear ERs are transported to the nucleus and bind to estrogen
response elements (EREs) found in the promoters of target genes. Nuclear ERs can also activate
other transcription factors rather than binding to DNA (Björnström & Sjöberg, 2005). This
transcriptional mechanism takes minutes to hours to exert an effect. Additionally, as
phosphoproteins, ERs can be activated by phosphorylation in the absence of a ligand. In the nongenomic (or novel or alternative) pathway, estrogens bind to ionotropic and G protein-coupled
membrane receptors and activate multiple second messenger pathways. These include the
MAPK, CREB, PI3K, and PKC pathways, as well as direct Ca 2+ channel modulation (Ho &
Liao, 2002; McEwen, 2001). These mechanisms can also influence the estrogen receptors. The
non-genomic pathway does not depend on protein synthesis and therefore can work very rapidly
(within seconds). It can also influence second messenger pathways that promote transcription
(Amandusson & Blomqvist, 2013; Spooner et al., 2007). These pathways are not independent.
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Rapid signaling via membrane-bound ERs can enhance nuclear ER-mediated transcription
(Gintzler & Liu, 2012).

Figure 33. Estrogens operate through multiple intracellular mechanisms. The genomic pathway
involves estrogen receptors in the cytoplasm and nucleus. Binding to these receptors initiates
transcription. The non-genomic pathway involves membrane receptors, which modify ion
channels and receptors, as well as intracellular mechanisms that can lead to transcription.
Adapted from “Estrogenic Influences in Pain Processing,” by Å. Amandusson and A. Blomqvist,
2013, Frontiers in Neuroendocrinology, 34, p. 331.
ERs are found both post-synaptically and pre-synaptically at the primary afferent to
dorsal horn synapse, allowing both direct and indirect modulation of nociception through
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multiple mechanisms. ERs in the DRG have been shown to inhibit ATP-induced increases in
intracellular calcium (Chaban & Micevych, 2005). Estradiol may also affect nociception
mediated by prostaglandins or cytokines (Kuba et al., 2010a,b; Hunter et al., 2011b).
In the spinal cord, ERs are found in the superficial dorsal horn, with heavy concentration
in lamina II. Activation inhibits Aδ and C fiber-meditated nociceptive transmission at the dorsal
horn synapse (Zhong, Li, & Zhang, 2010). Lamina II is a major site of nociceptive processing,
where incoming signals from primary afferents and descending signals from descending axons
meet and are heavily modulated by interneurons. Lamina II circuits help set the excitability level
of the dorsal horn (Amandusson & Blomqvist, 2013).
ERs can directly modulate signaling at the dorsal horn synapse to produce a number of
important effects: increased pre-synaptic glutamate release; increased NMDA receptor currents
via a non-genomic, likely ERβ-mediated, mechanism; enhanced sensitization, involving the
calcium-PKA-ERK signaling pathway; interactions with NMDA and AMPA receptor subunits,
suggesting modulation of both signaling and plasticity; and enhanced steady-state depolarization.
Estrogens can have a profound effect on nociception, given this combination of effects at such a
critical juncture in the nervous system (Zhang et al., 2012).
Studies of thermal and inflammatory pain have yielded mixed results. Many show antinociceptive and anti-inflammatory effects. In rat studies comparing OVX and hormonereplacement females, a 20% concentration of 17-β-estradiol 3-benzoate in a cholesterol vehicle
has been found most effective at reducing inflammatory responses (compared to 10% and 30%)
(Hunter et al., 2011b; Mannino et al., 2005). Estradiol has been shown to attenuate formalininduced nociception associated with peripheral and central inflammation (Hunter et al., 2011a;
Kuba, Kemen, & Quinones-Jenab, 2005; Kuba et al., 2006; Kuba et al., 2010b; Mannino et al.,
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2007), as well as carrageenan-induced hyperalgesia (Hunter et al., 2011b). Formalin-induced
corticosterone (an anti-inflammatory steroid hormone) is higher in estradiol-treated rats
compared to OVX (Mannino et al., 2007). Estradiol decreases peripheral PGE2 release (Kuba et
al., 2010a). Estradiol deprivation has been shown to increase inflammatory responses, whereas
its replacement blocks them (Ghisletti et al., 2005). Estradiol has also been shown to decrease
pro-inflammatory cytokines and increase anti-inflammatory cytokines (Shivers et al., 2015),
though estradiol-mediated antinociception has been observed in both the presence and absence of
inflammation (Hunter et al., 2011b; Li et al., 2009). However, other studies show proinflammatory or pro-nociceptive estrogen effects. Female rats and mice exhibit greater
sensitivity during phase II of the formalin test, which is associated with central sensitization
(Mifflin & Kerr, 2014). TRPV1 findings have been diametrically opposed. Lu et al. (2009) found
that 17β-estradiol administration increases capsaicin-induced pain responses via the E 2 receptor
through a PKA- and PKC-independent mechanism, whereas Xu et al. (2008) found that it
inhibits capsaicin-induced signaling. A coherent, comprehensive account of the role of estrogens
in nociception remains distant.
Estrogen receptors and aromatase are present in several brain areas associated with
nociception, including the parabrachial nucleus, nucleus of the solitary tract, PAG, raphe
nucleus, locus coeruleus, and limbic system. ERs are widely distributed in the brain. PAG-RVM
receptors influence the anti-nociceptive effects of opioids in connection with the ON- and OFFcell systems (Bernal, Morgan, & Craft, 2007). Estrogens may also influence the emotionalaversive qualities of pain by modulating activity in the ACC. Pain-related conditioned place
preference is prevented in rats treated with ER inhibitors (Xiao et al., 2012). Estrogens and
opioids will be described below.
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Unbound ERs are found in the cytoplasm and nucleus, held in an inactive state by heatshock proteins. Upon ligand binding, these proteins dissociate and expose the DNA-binding
domain. The receptor is transported to the nucleus where it binds to the ERE DNA sequences
and activates transcription. Estrogens can trigger the synthesis of a variety of proteins, depending
on the co-regulators and transcription factors involved. After transcription, the ERs dissociate
from the DNA and become inactive by binding to heat-shock proteins (Amandusson &
Blomqvist, 2013).
Estrogens influence the opioid system. Gonadal hormones can modulate formalininduced pain, and this effect appears to be mediated by opioids in the spinal cord (Gaumond,
Spooner, & Marschand, 2007). There is evidence of hormonal influence in humans, such as sex
differences in analgesia, including those evoked by descending monoaminergic pathways,
opioids, and stress (Fillingim et al., 2009). Women exhibit analgesia during pregnancy (Gupta et
al., 2007), μ-opioid activation in response to sustained pain is estradiol-dependent (Smith &
McMahon, 2006), and women in a low-estradiol state also have less capacity for μ-opioid
receptor activation compared to men (Zubieta et al., 2002). The opioid system in females is
considered to be less robust and effective than in males (Gupta et al., 2007; Mitrovic et al.,
2003). This may be explained in part by complexity. Anti-nociception in female rats requires
activation of both μ- and κ-opioid receptors in the spinal cord, whereas in male rats it requires
activation of only μ-opioid receptors (Liu, von Gizycki, & Gintzler, 2007). The female system
may be more prone to malfunction, given that more components have to function properly
(Gintzler & Liu, 2001).
Estrogen-opioid interaction occurs in the spinal cord, among other areas. ERα, the G
protein-coupled estrogen receptor 30 (GPR30), and opioid receptors are frequently co-localized
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in the superficial dorsal horn in female rats (Liu et al., 2011), and up to 70% of lamina II
enkephalinergic superficial dorsal horn neurons express ERα (Amundusson et al., 1996). The
preproenkephalin gene has EREs that bind ERα in its promoter region (Zhu & Pfaff, 1995), and
acute subcutaneous estradiol administration can induce enkephalin gene expression in the dorsal
horn of OVX rats (Amandusson et al., 1999). Enkephalin expression in the brain occurs within 24 hours and lasts longer than 8 hours, indicating a genomic ER mechanism, but may not last as
long in the spinal cord (Priest, Eckersell, & Micevych, 1995). This is important in nociception
because these enkephalinergic neurons are thought to be inhibitory interneurons (Fields &
Basbaum, 2005; Ma et al., 1997). Estrogens can affect the opioid system through other
mechanisms as well, such as modulation of opioid receptor expression and activity. μ-opioid
receptor expression in female rats varies across the estrous cycle and during estrus it is
significantly lower than male expression in the parabrachial area (Murphy et al., 2009) and the
PAG (Loyd, Wang, & Murphy, 2008), areas associated with ascending and descending
nociceptive pathways. ERs in the PAG and RVM mediate sex differences in morphine-induced
anti-nociception, such that opioids have a smaller effect in females. However, this is cycledependent. Smaller nociceptive effects are found in the estrus, but not diestrus phase (Bernal,
Morgan, & Craft, 2007).
There are several complications that make interpreting the above findings difficult.
Estrogen administration does not always induce enkephalin production in neurons expressing
both estrogens and opioids. The cells affected by estrogens may also fall into subcategories,
where some have estrogen-dependent preproenkephalin gene expression and others have
estrogen-independent expression. Other categories may be controlled by different interactions
between ERs and other steroid receptors. These findings may also be complicated by
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methodology. Estrogen levels are often brought to supraphysiological levels in gene expression
studies and this might decrease generalizability of the results. However, lower estrogen levels are
sufficient to induce gene expression and influence nociception. Interpreting results in these
studies can also be complicated by disparities in systemic and local estrogen levels. Estrogen
levels in the brain can be elevated beyond the systemic level by accumulation and local synthesis
(Amandusson & Blomqvist, 2013).
Extrapolation from rodent research to human applications is difficult. They have
similarities, including the distribution of ERα. It is comparable, but less abundant and
widespread in humans (Vanderhorst, Terasawa, & Ralston, 2009). There are common genetic,
molecular, and chemical features, but these produce diverse physiological outcomes. This
diversity may stem from differences in transcription factors (Odom et al., 2007). Humans and
rodents have similar hormone cycles, but they are not directly comparable. These difficulties are
not limited to translational research. Pain and opioid studies produce various outcomes even
among subpopulations of rodents (Craft, 2003; Mogil et al., 2000).
Longer life expectancies mean that women spend more time in a post-menopausal,
estrogen-depleted state. Estrogens are lipophilic, therefore they can enter cells easily and are
involved in numerous mechanisms. This raises questions regarding the risks of side effects in
hormone therapy. Current research suggests that it has a positive impact on health, including
coronary heart disease and mortality (Lobo, 2016).
Estrogens affect substance P signaling, and vice versa. Nazarian et al. (2014) found that
estradiol increased substance P signaling. They suggest several possible explanations for the sex
difference in substance P signaling, depending on the location. Estradiol could influence primary
afferent release of substance P by acting on receptors on the primary afferents, modulating
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descending inhibition, or controlling local circuits in the dorsal horn. Gonadal hormones appear
to regulate substance P levels in the spinal cord (Duval et al., 1996), and direct estradiol control
of neuropeptides has been demonstrated in DRG neurons. OVX rats have increased pain
sensitivity compared to hormone-treated rats, and estradiol administration influences
neuropeptide levels in DRG neurons. Substance P is downregulated, while CGRP is upregulated
(Sarajari & Oblinger, 2010). Alternatively, substance P signaling may modulate aromatase
activity and estradiol concentration in the dorsal horn by increasing intracellular calcium. More
generally, estrogens overlap with substance P in major intracellular pathways, including calcium,
PKA, PKC, and ERK (Amandusson & Blomqvist, 2013).
The PI3K-Akt-mTOR pathway. The PI3K-Akt-mTOR signaling pathway regulates
synaptic plasticity in the CNS and plays an important role in central sensitization. The PI3K
family is highly conserved in evolution. A single PI3K gene is found in yeast, whereas there are
at least eight PI3K genes in mammals (Engelman, Luo, & Cantley, 2006). The pathway is
activated by nociceptive stimulation, inflammation, and intracellular mechanisms, including
elevated calcium (Pezet et al., 2008). Upon activation, PI3K acts on PIP 2 to produce the lipid
second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP 3), which regulates the
phosphorylation of Akt, locking it in its active conformation (pAkt) (Hirsch et al., 2008). mTOR
(specifically mTORC1) operates downstream of Akt and is found in sensory fibers and dorsal
horn neurons (Xu et al., 2011). mTOR is the most important factor in the PI3K-Akt-mTOR
cascade. The term mTOR has been updated from “mammalian” to “mechanistic” target of
rapamycin, but the former remains widely used. It is a master regulator of protein synthesis and
synaptic plasticity (Hoeffer & Klann, 2010). It promotes formalin pain behaviors, ERK
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activation, and c-Fos expression (Yu et al., 2012), and influences the release of pro-inflammatory
cytokines by regulating the activity of astrocytes and microglia (Dello Russo et al., 2013).
mTOR is encoded by a single gene. It combines with other proteins to form two
complexes, mTORC1 and mTORC2, which participate in different mechanisms and have
different functions. mTORC1 can be activated by a variety of molecules and conditions,
including growth factors, cytokines, energy status, oxygen, and amino acids (Laplante &
Sabatini, 2012). It is an important factor in protein synthesis mediated by the eukaryotic
initiation factor-4E-binding protein (4E-BP1) and S6 kinase 1 (S6K1) pathways. 4E-BP1 is
normally bound in an inactive state, but once activated by mTORC1, it can promote the
translation of specific mRNAs by loading ribosomes onto them. mTORC1 also phosphorylates
S6K1, which contributes to protein synthesis mediated by several effectors, including ribosomal
S6 protein. These proteins help regulate peripheral and central sensory neuron activity. The
ribosomal S6 protein also reduces the activity of trk receptors by phosphorylation, which reduces
the activity of Akt and the Ras-Raf-MEK-ERK pathway, thus forming an inhibitory feedback
loop (Lisi et al., 2015).
Several important cascades regulate mTORC1 activity, including the PI3K and Ras-RafMEK-ERK pathways (Figure 34). These pathways converge on tuberous sclerosis 1/2 (TSC1/2),
a heterodimer protein complex that controls mTORC1 activation by inhibiting Ras homolog
enriched in brain (Rheb), a GTP-binding protein. When it is active, Rheb binds to mTORC1 and
activates it. However, TSC1/2 holds Rheb in its inactive GDP-bound state. When one of the
upstream signaling pathways phosphorylates TSC1/2, it degrades and allows Rheb to activate
mTORC1, promoting protein synthesis. mTORC1 can be activated by additional pathways,
including cytokines, intracellular amino acids, and PI3K via Akt (Laplante & Sabatini, 2012).
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Figure 34. Complex regulation of mTORC1, including inhibition by the tuberous sclerosis 1/2
(TSC1/2) complex. Inhibition of TSC1/2, especially by protein kinase B (PKB)/Akt, disinhibits
mTORC1, leading to protein synthesis. Adapted from “mTOR Kinase: A Possible
Pharmacological Target in the Management of Chronic Pain,” by L. Lisi et al., 2015, BioMed
Research International, 2015, p. 3.
mTORC2 is not as well understood as mTORC1. Growth factors can activate it via PI3K,
and mTORC2 activates Akt and a number of other intracellular messengers (Figure 35).
mTORC2 has a complex relationship with mTORC1 featuring multiple interacting mechanisms
(Figure 36). Several important components can be highlighted within this system, which are
important to mTORC1-regulated protein synthesis. TSC1/2 inhibits mTORC1 and activates
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mTORC2. Therefore when PI3K, Akt, and ERK degrade TSC1/2, it simultaneously activates
mTORC1 and inhibits mTORC2. mTORC1 also inhibits mTORC2 by activating the S6 kinase 1
and increasing its inhibitory influence on mTORC2. However, there is a negative feedback loop
between mTORC1 and mTORC2. mTORC2 activates Akt, which in turn activates mTORC1.
Therefore inhibition of mTORC2 reduces Akt’s degradation of TSC1/2 and direct excitatory
input into mTORC1. Also, PI3K directly activates mTORC2 by phosphorylating it, meaning that
PI3K activates Akt both directly and via mTORC2. As stated above, mTORC1 activation of the
S6 kinase 1 also activates ribosomal S6 protein, which inhibits the activity of PI3K and ERK1/2
via trk, therefore reducing the excitation of mTORC1. This system allows for very complex
regulation of protein synthesis (Lisi et al., 2015).
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Figure 35. mTORC2 regulation. mTORC2 can be activated by growth factors via
phosphatidylinositol 3-kinase (PI3K). mTORC2 then activates multiple intracellular
mechanisms. Adapted from “mTOR Kinase: A Possible Pharmacological Target in the
Management of Chronic Pain,” by L. Lisi et al., 2015, BioMed Research International, 2015, p.
4.

Figure 36. mTORC1 and mTORC2 have a complex, interactive relationship. Adapted from
“mTOR Kinase: A Possible Pharmacological Target in the Management of Chronic Pain,” by L.
Lisi et al., 2015, BioMed Research International, 2015, p. 4.
mTOR inhibitors are useful in investigations of protein synthesis, rapamycin being the
most commonly used. It crosses the blood-brain barrier, but does not affect all mTOR-related
functions. It is mostly selective for mTORC1, where it disrupts the association of raptor from the
complex. Wortmannin, another inhibitor, was originally described as a PI3K inhibitor, but works
on mTOR as well. It blocks both mTORC1 phosphorylation of S6K1 and mTORC2
phosphorylation of Akt (Lisi et al., 2015).
mTOR is found peripherally and centrally in normal and inflammatory states. It and its
downstream effectors are found in the bodies of peptidergic and non-peptidergic C fibers, the
axons of non-peptidergic A fibers, and non-neuronal cells. The effectors are found in the dorsal
horn as well, and their phosphorylation is associated with secondary hyperalgesia and allodynia.
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The mTOR effector 4E-BP1 has also been found in glial fibrillary acidic protein- (GFAP-)
positive satellite glial cells, which surround the cell bodies of sensory neurons in the DRG. They
contribute to the development of chronic pain, likely through CGRP receptor-mediated increases
in IL-1β, COX-2, and iNOS expression and activity (Lisi et al., 2015).
The mTOR pathway does not appear to be involved in acute nociception. mRNA for
mTOR, 4E-BP1, and S6 kinase have been found in the DRG and dorsal horn, but their active
forms are found at very low or undetectable levels. mTOR, 4E-BP1, and S6 kinase are found
throughout the dorsal horn and are concentrated in the superficial laminae, but intrathecal
rapamycin administration does not affect nociceptive behavior (Xu et al., 2010).
The mTOR pathway is involved in persistent pain states, where it has both peripheral and
central actions. In the periphery, activated mTOR is present in Aδ fibers, but not C fibers, and it
modulates the sensitivity and signaling of these fibers at the dorsal horn. In the dorsal horn, high
levels of activated mTOR are present in projection neurons in the superficial laminae, which are
associated with the induction and maintenance of chronic pain. mTOR also contributes to central
sensitization through plasticity at the level of the WDR neurons in lamina V. Intrathecal
rapamycin administration decreases mTOR activation in both Aδ fibers and dorsal horn
projection neurons, and decreases pain behavior during phase II of the formalin test. Despite its
absence from C fibers, mTOR has an important role in inflammatory hyperalgesia mediated by C
fibers. Intraplantar injection of capsaicin and carrageenan activates C fibers and triggers thermal
hyperalgesia. This hyperalgesia is inhibited by intrathecal rapamycin, indicating central mTOR
involvement. Capsaicin and carrageenan also trigger significant S6 phosphorylation in the dorsal
horn, which reliably indicates mTOR activation, and therefore plasticity. This effect is inhibited
by intrathecal rapamycin. Complete Freund’s adjuvant (CFA) has been found to activate mTOR

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

98

in the DRG and, to a smaller degree, the dorsal horn (Géranton et al., 2009; Lisi et al., 2015).
Carrageenan injection triggers substance P-dependent PI3K-Akt activation, which promotes
glutamate receptor trafficking. However, it has been shown that these mechanisms work
separately. Destruction of NK-1 receptor-expressing superficial dorsal horn neurons by saporin
conjugated to substance P blocks Akt phosphorylation, but not glutamate trafficking (Choi,
Koehrn, & Sorkin, 2012).
Xu et al. (2011) demonstrated that central sensitization induced by carrageenan
inflammation is mediated by the PI3K-Akt-mTOR pathway. This was found especially in the
superficial laminae of the dorsal horn, where we might expect nociceptive plasticity to occur.
Intrathecal administration of PI3K and mTOR inhibitors (wortmannin and rapamycin,
respectively) was shown to attenuate nociception in phase II of the formalin test, as well as
thermal hyperalgesia and tactile allodynia. Substance P administration and inflammation
triggered hyperalgesia and activation of the PI3K pathway in NK-1 receptor-expressing
nociceptive projection neurons (Figure 37). These effects were blocked by PI3K and mTOR
inhibition. PI3K inhibitors can even attenuate established hyperalgesia. Wortmannin treatment
130 minutes after carrageenan injection produced a dose-dependent anti-hyperalgesic effect.
Like many other findings in basic pain research, mTOR inhibitors have failed to translate into an
effective therapeutic treatment (Lisi et al., 2015).
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Figure 37. C fiber input to the superficial dorsal horn may increase nociceptive projection
neuron excitability. Substance P operates on the NK-1 receptor, initiating the PI3K-Akt-mTOR
signaling pathway, which is involved in synaptic plasticity. Adapted from “Spinal
Phosophinositide 3-kinase-Akt-mammalian Target of Rapamycin Signaling Cascades in
Inflammation-induced Hyperalgesia,” by Q. Xu, 2011, The Journal of Neuroscience, 31(6), p.
2122.
Interactions between estrogens and the PI3K pathway have been found in a number of
contexts. Estradiol activates PI3K through genomic ERα-, but not ERβ-mediated signaling in
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breast cancer cells (Lee et al., 2005). This is consistent with findings in mice, where estradiol
exposure activates PI3K in mouse endothelial cells, but not ERα/β-knockout mouse endothelial
cells (Pedram, Razandi, & Levin, 2006). In some cases, estradiol works in combination with
intracellular messengers. Estradiol and ERK have been found to induce Akt phosphorylation
synergistically in the hippocampus (Cardona-Gomez, Mendez, & Garcia-Segura, 2002). The
estradiol-PI3K link is directly relevant to inflammation. Estradiol inhibits inflammatory gene
transcription by inhibiting NF-κB intracellular transport through a PI3K-dependent ERα
mechanism (Ghisletti et al., 2005). A pro-inflammatory effect was found in the context of crossorgan pain and sensitization between the bowel and urethra. PI3K-mediated Akt phosphorylation
and resulting NMDA receptor phosphorylation were dependent on genomic estradiol signaling
(Peng et al., 2010).
Estradiol can interact with PI3K through non-genomic mechanisms as well, including
rapid PI3K activation via membrane-bound receptors (Vasudevan & Pfaff, 2007), and the G
protein-coupled estrogen receptor GPR30 found on the endoplasmic reticulum, which triggers
calcium release and PI3K activation (Revankar et al., 2005). Additionally, non-genomic ER
signaling can modulate nuclear ER-mediated transcription via PI3K (Gintzler et al., 2012). PI3KAkt can activate ERα through estrogen-dependent and estrogen-independent mechanisms in
breast cancer cells (Campbell et al., 2001).
Pain assay. Carrageenan injection into the plantar aspect of the rodent paw was first used
by Winter, Risley, and Nuss (1962) and has since become a common method used to study
inflammatory pain. Carrageenans are high molecular weight sulfated polygalactans derived from
several species of red seaweeds, and work through toll-like receptor 4. They possess strong
inflammatory properties and cause heightened sensitivity to thermal and mechanical stimuli
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(Morris, 2003). Previous research has established behavioral hypersensitivity by 4 hours
following an injection of carrageenan, lasting up to 96 hours (Kayser & Guilbaud, 1987).
Carrageenan administration triggers sensitization of A- and C-fiber nociceptors, and central
sensitization (Lisi et al., 2015). It involves ERK activation and potentiation of TRPV1 thermal
nociception (Dubin & Patapoutian, 2010; Galan et al., 2002). Females exhibit greater thermal
hyperalgesia in response to carrageenan (Tall & Crisp, 2004).
Study. Chronic pain is a pervasive medical problem that affects over 50 million
Americans, costs over $70 billion annually, and contributes to psychiatric disorders and
emotional suffering (Gatchel et al., 2007). Sex differences in pain perception and prevalence of
chronic pain conditions have been well documented. Women report more intense pain, more
frequently than men, as well as longer lasting pain. Although the underlying mechanisms for sex
differences in pain perception are not fully understood, sex hormones play an important role in
influencing pain sensitivity (Fillingim et al., 2009). Greater understanding of the nociceptive
system and the role of sex hormones might lead to more effective treatment and prevention of
chronic pain, particularly in women.
Long-term peripheral nociception leads to reorganization of spinal cord circuitry,
resulting in central sensitization. This process involves a cascade of events, including release of
inflammatory mediators, increased proinflammatory peptides in the DRG, and long-term
potentiation and windup in the spinal cord (Mendell, 2010). Pain signals from the periphery
trigger the release of substance P, which acts on the NK-1 receptor in the dorsal horn of the
spinal cord. NK-1 receptor activation stimulates the PI3K-Akt-mTor signaling pathway, which is
involved in spinal sensitization (Xu et al., 2011). Estradiol affects substance P (Sarajari &
Oblinger, 2010). This is a possible mechanism for estradiol's effects on central sensitization in
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the context of inflammation (Figure 38). Though the literature is mixed, many studies report antinociceptive and anti-inflammatory effects of estradiol. Therefore, we predicted that estradiol
would reduce pain responses by decreasing substance P signaling and PI3K-Akt-mTOR pathway
activation.

Figure 38. Proposed model. Inflammation-induced increase in substance P release from the
central terminals of the peripheral nociceptive neurons is thought to drive central sensitization
via the PI3K cascade. We hypothesize that estradiol exerts its anti-nociceptive effects on
nociception and central sensitization in part by inhibiting substance P-mediated activation of the
PI3K cascade. Adapted from “Spinal Phosophinositide 3-kinase-Akt-mammalian Target of
Rapamycin Signaling Cascades in Inflammation-induced Hyperalgesia,” by Q. Xu, 2011, The
Journal of Neuroscience, 31(6), p. 2122.
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Five aims were established to test these hypotheses:
Aim 1: Test for an estradiol effect on nociception as indicated by a behavioral pain assay
Aim 2: Test for an estradiol effect on PI3K-Akt-mTOR pathway activation as indicated by
protein phosphorylation
Aim 3: Test for an estradiol effect on substance P signaling as indicated by NK-1 receptor
internalization
Aim 4: Determine whether estradiol’s effect on nociception is mediated by the PI3K pathway by
inhibiting PI3K with wortmannin
Aim 5: Determine whether estradiol’s effect on nociception is mediated by substance P by
inhibiting the NK-1 receptor with CP-96,345

Method
Experiment 1 used a 2 (hormone condition) X 2 (pain condition) X 2 (delay condition)
design, with n = 4 per group. Behavioral data from a related study were included, yielding n = 10
per group in that analysis. Subjects were implanted with either a cholesterol or estradiol capsule,
given either an inflammation-inducing or benign injection, and administered a pain assay 5 or 24
hours later. Sacrifice and tissue dissection followed.
Experiment 2 employed a simplified 2 (hormone condition) X 2 (delay condition) design,
yielding n = 12 per group. Subjects were implanted with either a cholesterol or estradiol capsule,
given an inflammation-inducing injection, and administered a pain assay 1 or 4 hours later.
Sacrifice and tissue dissection followed.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

104

Subjects. Experiment 1 (N = 32 for proteins, N = 80 for behavior) and Experiment 2 (N
= 48) used OVX female Sprague-Dawley rats purchased from Taconic (Germantown, NY). They
were double-housed with free access to food and water, and maintained on a 12-hour light/dark
photoperiod (lights on at 8am EST). Rats were allowed 1 week of acclimation after delivery
before the start of the study. NIH guidelines for care of laboratory animals were followed. All
procedures were approved by the Hunter College Institutional Animal Care and Use Committee.
Hormone Replacement. SILASTIC capsules were surgically implanted under the skin at
the nape of the neck 1 week prior to testing. The capsules were 1cm long x 0.058in ID/0.077in
OD (Dow Corning). The capsules contained Cholesterol (5-Cholesten-3 Beta-ol; Sigma-Aldrich,
St. Louis, MO) or Beta-Estradiol (1, 3, 5 [10]-Estratriene-3, 17 Beta-diol; Sigma Aldrich) in the
cholesterol vehicle.
Rats were randomly assigned to conditions in pairs, so that cagemates had the same type
of implant (and, in Experiment 1, the same type of injection). They were anesthetized with
inhaled Isoflurane (2.5% Isoflurane to 0.5-1.0L O2). Half of the rats received capsules filled with
a mix of 20% Beta-Estradiol and 80% Cholesterol. The other half received capsules filled with
100% cholesterol. They were allowed 1 week recovery time before the next phase of the study.
Behavioral Testing. Pain thresholds were assessed by measuring paw withdrawal
latencies (PWL) using a Hargreaves Box Paw Thermal Stimulator (Department of
Anesthesiology, University of California, San Diego) (Hargreaves et al., 1988). The apparatus
consisted of a box with a 65x30cm heated glass surface maintained at 30 °C +/- 0.1 °C.
Underneath this surface, a moveable 9v halogen projection bulb was used to apply heat to the
intraplantar surface of the paw. Three heat intensities were used, calibrated to 4.5, 4.9, and
5.3mV, respectively. These correspond to 5.0, 5.5 and 6.0 amps. With these settings, the surface
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of the glass reached 62.6 °C on the low, 79.6 °C on medium, and 88.9 °C on high (Dirig et al.,
1997). Rats were placed in adjoining Plexiglas chambers measuring 9x22x25cm and were free to
withdraw their paw from the heat stimulus. The apparatus automatically recorded PWL in
seconds. The stimulus immediately turned off when the withdrawal reflex occurred, i.e., at the
pain threshold. If a rat failed to withdraw its paw, the stimulus turned off automatically after
20.48 seconds to avoid tissue damage.
Subjects were placed into the Hargreaves apparatus and allowed 30 minutes acclimation
prior to baseline testing. In Experiment 1, all 4 subjects were placed into the apparatus
simultaneously, whereas in Experiment 2 they were run on a staggered pattern, with up to 4 rats
in the apparatus simultaneously. Baseline pain thresholds were assessed on low, medium, and
high heat intensities. Thresholds were calculated for both left and right hind paws. Low-intensity
thresholds were collected, then medium, then high, such that there was a delay of 3-5 minutes
between testing on each intensity level.
Immediately after baseline testing, the rats were injected in the intraplantar region of the
right hind paw. In Experiment 1, injection was either 100 µl carrageenan (1% carrageenan;
Sigma) or 100µl saline (100% Saline; Braun Medical, Irving, CA). In Experiment 2, all rats were
injected with 100 µl carrageenan. They were then returned to their cages. Rats were then retested
after the duration indicated in their delay condition (incorporating reacclimation time into this
duration). In Experiment 1, rats in the 5-hour and 24-hour groups were placed back in the testing
apparatus and allowed 60 and 30 minutes, respectively, to reacclimate. In Experiment 2, rats in
the 1-hour and 4-hour groups were placed back in the testing apparatus and allowed 15 minutes
to reacclimate. Pain thresholds were then reevaluated using the same procedures as described
above.
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Tissue Collection and Sample Preparation. After behavioral testing, rats were placed
individually in a 30x23x28cm Plexiglas chamber with dry ice for approximately 30 seconds.
After exposure to CO2, rats were decapitated using a guillotine (Kent Scientific Corporation,
Torrington, CT) and the brain and lumbar region of the spinal cord were dissected. The tissue
was flash frozen in 2-methylbutane (-40 °C) and stored at -80 °C. The delay between behavioral
testing and tissue dissection was highly variable in Experiment 1, ranging between a few minutes
and 2 hours. The delay was consistently a few minutes in Experiment 2.
Tissue samples were manually homogenized in a Lysis buffer (50mM Tris-HCl (pH 7.5),
150 nM NaCl, 2mM EDTA, 50ml 10% glycerol, 5ml 1% triton x100, 5ml 1% NP40, and 5g
sodium deoxycholate). The following protease inhibitors were included in the buffer: leupeptin,
pepstatin, aprotinin, DTT, PMSF, NaF, and NaVO 3. Total protein count was measured using a
Bradford kit from Bio-Rad Laboratories (Hercules, CA).
For Western blot analysis, equal amounts of protein extracts (50µg) were boiled for 5
minutes in Laemmli buffer containing 1% β-mercaptoethanol and loaded onto Bio-Rad 10%
mini-PROTEAN TGX precast polyacrylamide gels (Hercules, CA). Gels were electrophoresed
and transferred to Bio-Rad Immun-Blot PVDF membranes. The membranes were blocked for 60
minutes using non-fat dry milk in tris-buffer-saline-tween (TBST) at room temperature. The
membranes were then washed three times in TBST and probed overnight at 4 °C with various
primary antibodies (1:3000) in a non-fat dry milk and TBST solution. The next day, membranes
were washed four times in TBST and probed for 60 minutes at room temperature with the
appropriate secondary antibodies (1:1000) in a non-fat dry milk and TBST solution. Finally, the
membranes were washed five additional times.
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Antibody binding was detected using a GE Healthcare enhanced chemiluminescence kit
and high performance chemiluminescence film (ECL Plus and Amersham Hyperfilm ECL; Little
Chalfont, United Kingdom). The resulting films were scanned and quantified with a computer
densitometer and Image Quant Program (Molecular Dynamics). In order to normalize protein
levels, the membranes were reprobed with α-tubulin (1:1000) for 60 minutes. The ratio of
phosphorylated or total proteins over α-tubulin was used to calculate protein levels.
Data Analysis and Figures. Protein levels were quantified using ImageJ, measuring the
area under the peaks. The scores produced by ImageJ were normalized relative to α-tubulin.
Behavioral and protein data were analyzed using Microsoft Excel and IBM SPSS. Baseline
behavioral data were analyzed using independent-measures t-tests. In Experiment 1, both
behavioral and protein data were analyzed using 3-factor ANOVA procedures. PWL data were
normalized to mean baseline values within each heat intensity level and expressed as percentages
thereof. Behavioral and protein data were analyzed using correlation. Protein scores were
normalized relative to the ratio of 24-hour and 5-hour protein scores, and the ratio of estradiol
and cholesterol protein scores. These normalized protein scores were then correlated with PWL.
In Experiment 2, behavioral data were analyzed using 2-factor ANOVA. Unless otherwise
indicated, data from only the injected (right) paw were analyzed. In all conditions, values that
fell beyond two standard deviations above or below the mean were considered outliers and
excluded.
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Results
Experiment 1
Paw weight. Levene's test for equality of variances was significant [F(7, 27) = 3.42, p =
.010]. As shown in Figure 39, significant interactions were observed between pain treatment and
time [F(1, 27) = 21.45, p < .001, partial η2 = .44]. Using pairwise comparisons based on the
Least Significant Difference (LSD), significant differences were found in the following
conditions: for 5-hour, mean paw weight in the carrageenan conditions was significantly higher
than in the saline conditions (p < .001). Similarly, for 24-hour, mean paw weight in the
carrageenan conditions was significantly higher than in the saline conditions (p = .002). For
carrageenan, mean paw weight in the 5-hour conditions was significantly higher than in the 24hour conditions (p < .001). Significant main effects were observed for pain condition [F(1, 27) =
85.82, p < .001, partial η2 = .76] and time [F(1, 27) = 20.59, p < .001, η2 = .43]. See Table 1.
Baseline PWL. As shown in Figure 40, no differences in mean baseline PWL were found
between the estradiol and cholesterol conditions at any temperature level; low heat intensity:
t(84) = -1.27, p = .208; medium heat intensity: t(84) = 0.41, p = .681; high heat intensity: t(85) =
-0.96, p = .337. Baseline data include both left and right paw measurements. See Table 2.
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Table 1
Means, Standard Deviations, Sample Sizes, and Standard Errors of the Mean for Paw Weight
Data by, Time, Pain, and Hormone Condition
Right Paw Weight
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

1.53

0.10

4

0.05

Estradiol

1.43

0.15

4

0.08

Vehicle

2.73

0.43

4

0.21

Estradiol

2.68

0.22

4

0.11

Vehicle

1.50

0.12

4

0.06

Estradiol

1.43

0.15

4

0.08

Vehicle

2.00

0.26

4

0.13

Estradiol

2.00

0.17

3

0.10

Carrageenan

24-hour

Saline

Carrageenan
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Figure 39. A significant interaction was observed between injection and time (p < .001).
Significant differences were found among the following conditions: for 5-hour, mean paw
weight in the carrageenan conditions was significantly higher than in the saline conditions (p <
.001). For 24-hour, mean paw weight in the carrageenan conditions was significantly higher than
in the saline conditions (p < .01). For carrageenan, mean paw weight in the 5-hour conditions
was significantly higher than in the 24-hour conditions (p < .001). * p < .05. ** p < .01. *** p <
.001.
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Table 2
Means, Standard Deviations, Sample Sizes, and Standard Errors of the Mean for Experiment 1
Baseline Paw Withdrawal Latency Data
Baseline paw withdrawal latency
Heat Intensity

Hormone

Mean

Std Dev

n

SEM

Low

Vehicle

102.07

10.63

84

1.16

Estradiol

103.95

9.84

81

1.09

Vehicle

97.06

19.19

86

2.07

Estradiol

94.61

18.67

80

2.09

Vehicle

96.46

24.13

86

2.60

Estradiol

97.65

26.42

83

2.90

Medium

High
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Figure 40. Mean baseline paw withdrawal latency (PWL) normalized as percentage of baseline
for estradiol- and cholesterol-treated rats. No significant differences were observed on low (A),
medium (B), or high (C) heat intensity.
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Estradiol effects with low intensity stimuli. Levene’s test for equality of variances was
significant [F(7, 53) = 6.08, p < .001]. As shown in Figure 41, after low intensity stimuli a
significant interaction between hormone, pain treatment and time was observed [F(1, 53) = 5.25,
p = .026]. Using pairwise comparisons based on the LSD, significant differences were found in
the following conditions: for carrageenan+5-hour, mean PWL in the vehicle condition was
significantly higher than in the estradiol condition (p = .006); for estradiol+5-hour, mean PWL in
the saline condition was significantly higher than in the carrageenan condition (p < .001); for
estradiol+carrageenan, mean PWL in the 24-hour condition was significantly higher than in the
5-hour condition (p < .001). A significant interaction between pain treatment and time was also
observed [F(1, 53) = 4.98, p = .030]. Pairwise comparisons yielded significant differences in the
following conditions: for 5-hour, mean PWL in the saline condition was significantly higher than
in the carrageenan condition (p = .001); for carrageenan, mean PWL in the 24-hour condition
was significantly higher than in the 5-hour condition (p = .004). Moreover, significant main
effects were observed for pain condition [F(1, 53) = 6.23, p = .016] and time [F(1, 53) = 4.36, p
= .042]. See Table 3.
Estradiol effects with medium intensity stimuli. Levene’s test for equality of variances
was significant [F(7, 54) = 2.42, p = .032]. As shown in Figure 41, after medium intensity stimuli
a significant main effect of time was observed [F(1, 54) = 5.08, p = .028]. Mean PWL in the 24hour condition was significantly higher than in the 5-hour condition. See Table 3.
Estradiol effects with high intensity stimuli. As shown in Figure 41, after high intensity
stimuli no significant interactions or main effects were observed. See Table 3.
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Table 3
Means, Standard Deviations, Sample Sizes, and Standard Errors of the Mean for Paw
Withdrawal Latency Data by Heat Intensity, Time, Pain, and Hormone Condition
Paw withdrawal latency
Heat Intensity

Time

Pain

Hormone

Mean

Std Dev

n

SEM

Low

5-hour

Saline

Vehicle

102.61

10.04

8

3.55

Estradiol

104.53

10.76

8

3.80

Vehicle

90.22

19.48

7

7.36

Estradiol

63.59

36.70

8

12.98

Vehicle

108.35

8.08

8

2.86

Estradiol

100.92

12.55

7

4.74

Vehicle

92.86

26.17

8

9.25

Estradiol

102.38

11.00

7

4.16

Vehicle

89.24

19.75

8

6.98

Estradiol

85.55

16.93

8

5.99

Vehicle

74.67

32.29

8

11.42

Estradiol

57.14

30.08

8

10.64

Vehicle

82.21

18.40

8

6.51

Estradiol

109.98

27.86

8

9.85

Vehicle

76.58

9.30

7

3.52

Estradiol

91.55

9.23

7

3.49

Vehicle

93.37

28.02

8

9.91

Estradiol

86.83

8.89

8

3.14

Vehicle

79.15

36.48

8

12.90

Estradiol

60.67

29.45

8

10.41

Vehicle

75.02

20.55

8

7.27

Estradiol

87.49

21.85

8

7.73

Vehicle

61.72

24.76

8

8.75

Estradiol

88.85

18.87

8

6.67

Carrageenan

24-hour

Saline
Carrageenan

Medium

5-hour

Saline
Carrageenan

24-hour

Saline
Carrageenan

High

5-hour

Saline
Carrageenan

24-hour

Saline
Carrageenan
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Figure 41. For low heat intensity (A), a significant interaction between hormone, pain treatment
and time was observed (p = .026). Significant differences were found among the following
conditions: for carrageenan+5-hour, mean PWL in the vehicle condition was significantly higher
than in the estradiol condition (p = .006); for estradiol+5-hour, mean PWL in the saline condition
was significantly higher than in the carrageenan condition (p < .001); for estradiol+carrageenan,
mean PWL in the 24-hour condition was significantly higher than in the 5-hour condition (p <
.001). A significant interaction between pain treatment and time was also observed (p = .030).
Significant differences were found among the following conditions: for 5-hour, mean PWL in the
saline conditions was significantly higher than in the carrageenan conditions (p = .001); for
carrageenan, mean PWL in the 24-hour conditions was significantly higher than in the 5-hour
conditions (p = .004). Moreover, a significant main effect was observed for pain condition (p =
.016). Mean PWL in the saline conditions was higher than in the carrageenan conditions (not
marked). A significant main effect was observed for time (p = .042). Mean PWL in the 24-hour
conditions was significantly higher than in the 5-hour conditions (not marked). For medium heat
intensity (B), a significant main effect of time was observed (p = .028). Mean PWL in the 24hour conditions was significantly higher than in the 5-hour conditions. For the high heat intensity
(C), no significant outcomes were found. * p < .05. ** p < .01. *** p < .001.

Protein analysis. Mean phosphorylation ratio of some proteins within the PI3K pathway
were significantly correlated for all subjects (Figures 42-48). The pAkt/Akt and pmTOR/mTOR
ratios were significantly correlated, r(27) = .52, p = .005. No other significant correlations were
found between the pAkt/Akt, pmTOR/mTOR, and pS6/S6 protein ratios. When the results were
analyzed by injection and hormone conditions, the correlation between pAkt/Akt and
pmTOR/mTOR was found only in the saline+cholesterol condition, r(7) = .88, p = .010.
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Figure 42. Scatterplot of pAkt/Akt and pmTOR/mTOR ratios. The correlation was significant (p
= .005).

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

118

Figure 43. Scatterplot of pAkt/Akt and pS6/S6 ratios. The correlation was not significant (p =
.925).
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Figure 44. Scatterplot of pmTOR/mTOR and pS6/S6 ratios. The correlation was not significant
(p = .734).
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Figure 45. Scatterplot of pAkt/Akt and pmTOR/mTOR ratios for saline+cholesterol conditions.
The correlation was significant (p = .010).
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Figure 46. Scatterplot of pAkt/Akt and pmTOR/mTOR ratios for carrageenan+cholesterol
conditions. The correlation was not significant (p = .420).
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Figure 47. Scatterplot of pAkt/Akt and pmTOR/mTOR ratios for saline+E2 conditions. The
correlation was significant (p = .562).
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Figure 48. Scatterplot of pAkt/Akt and pmTOR/mTOR ratios for carrageenan+E2 conditions.
The correlation was not significant (p = .690).
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As shown in Figure 49, analyses of the Akt/α-tubulin protein levels and pAkt/α-tubulin
protein levels yielded no significant main effects or interactions. See Table 4.
As shown in Figure 50, analysis of the mTOR/α-tubulin protein levels yielded no
significant main effects or interactions. See Table 5. In the analysis of pmTOR/α-tubulin, a
significant interaction was observed between hormone, pain, and time condition [F(1, 18) =
14.51, p = .001, partial η2 = .45]. Using pairwise comparisons based on the LSD, significant
differences were found in the following conditions: for saline+24-hour, pmTOR levels in the
cholesterol condition were significantly higher than in the estradiol condition (p = .005); for
carrageenan+24-hour, pmTOR levels in the estradiol condition were significantly higher than in
the cholesterol condition (p = .001); for cholesterol+24-hour, pmTOR levels in the saline
condition were significantly higher than in the carrageenan condition (p = .006); for
estradiol+24-hour, pmTOR levels in the carrageenan condition were significantly higher than in
the saline condition (p = .001); for the estradiol+saline, pmTOR levels in the 5-hour condition
were significantly higher than in the 24-hour condition (p = .040); for estradiol+carrageenan,
pmTOR levels in the 24-hour condition were significantly higher than in the 5-hour condition (p
= .013). A significant as interaction was also observed between hormone and injection [F(1, 18)
= 11.17, p = .004, partial η2 = .38]. No significant main effects were observed.
As shown in Figure 51, analyses of the S6/α-tubulin protein levels and pS6/α-tubulin
protein levels yielded no significant main effects or interactions. See Table 6.
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Table 4
Mean Protein Levels for Akt and pAkt,Normalized to α-tubulin, by Time, Pain, and Hormone
Condition
Akt/α-tubulin
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

1.88

1.50

4

0.75

Estradiol

1.00

0.15

4

0.08

Vehicle

1.60

0.60

4

0.30

Estradiol

1.91

1.21

4

0.61

Vehicle

0.76

0.30

4

0.15

Estradiol

1.30

0.62

4

0.31

Vehicle

1.04

0.18

4

0.09

Estradiol

1.54

1.31

4

0.66

Carrageenan

24-hour

Saline

Carrageenan

pAkt/α-tubulin
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

0.93

0.38

4

0.19

Estradiol

0.97

0.15

4

0.08

Vehicle

1.23

0.16

3

0.09

Estradiol

0.93

0.14

3

0.08

Vehicle

1.19

0.47

3

0.27

Estradiol

1.03

0.76

3

0.44

Vehicle

0.72

0.44

3

0.26

Estradiol

0.75

0.27

3

0.16

Carrageenan

24-hour

Saline

Carrageenan
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Figure 49. Mean Akt (A) and pAkt (B) protein levels normalized to α-tubulin and sample
Western blots. No significant main effects or interactions were observed.
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Table 5
Mean Protein Levels for mTOR and pmTOR, Normalized to α-tubulin, by Time, Pain, and
Hormone Condition
mTOR/α-tubulin
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

3.10

4.29

4

2.15

Estradiol

0.91

0.26

4

0.13

Vehicle

1.11

0.23

4

0.11

Estradiol

1.76

0.44

4

0.22

Vehicle

1.25

0.23

4

0.12

Estradiol

1.25

1.16

4

0.58

Vehicle

0.62

0.33

4

0.16

Estradiol

2.03

1.75

4

0.87

Carrageenan

24-hour

Saline

Carrageenan

pmTOR/α-tubulin
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

1.19

0.32

4

0.16

Estradiol

1.15

0.18

4

0.09

Vehicle

0.94

0.46

3

0.26

Estradiol

0.69

0.43

3

0.25

Vehicle

1.67

1.04

3

0.60

Estradiol

0.19

0.06

3

0.04

Vehicle

0.23

0.12

3

0.07

Estradiol

1.98

1.10

3

0.64

Carrageenan

24-hour

Saline

Carrageenan
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Figure 50. Mean mTOR (A) and pmTOR (B) protein levels normalized to α-tubulin and sample
Western blots. For mTOR/ α-tubulin (A), no significant main effects or interactions were found.
For pmTOR/α-tubulin, a significant interaction was observed between hormone, pain, and time
conditions (p = .001). Significant differences were found among the following conditions: for
saline+24-hour, pmTOR levels in the cholesterol condition were significantly higher than in the
estradiol condition (p = .005). For carrageenan+24-hour, pmTOR levels in the estradiol condition
were significantly higher than in the cholesterol condition (p = .001). For cholesterol+24-hour,
pmTOR levels in the saline condition were significantly higher than in the carrageenan condition
(p = .006). For estradiol+24-hour, pmTOR levels in the carrageenan condition were significantly
higher than in the saline condition (p = .001). For the estradiol+saline, pmTOR levels in the 5hour condition were significantly higher than in the 24-hour condition (p = .040). For
estradiol+carrageenan, pmTOR levels in the 24-hour condition were significantly higher than in
the 5-hour condition (p = .013). A significant as interaction was also observed between hormone
and injection (p = .004). No significant main effects were observed. * p < .05. ** p < .01. *** p
< .001.
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Table 6
Mean Protein Levels for S6 and p-S6, Normalized to α-tubulin, by Time, Pain, and Hormone
Condition
S6/α-tubulin
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

1.09

0.41

4

0.21

Estradiol

0.83

0.31

4

0.16

Vehicle

1.03

0.34

4

0.17

Estradiol

0.74

0.27

4

0.13

Vehicle

0.94

0.78

4

0.39

Estradiol

1.25

0.31

4

0.16

Vehicle

1.23

0.36

4

0.18

Estradiol

0.97

0.48

4

0.24

Carrageenan

24-hour

Saline

Carrageenan

p-S6/α-tubulin
Time

Pain

Hormone

Mean

Std Dev

n

SEM

5-hour

Saline

Vehicle

1.24

0.10

4

0.05

Estradiol

1.13

0.22

4

0.11

Vehicle

0.94

0.14

4

0.07

Estradiol

0.92

0.34

4

0.17

Vehicle

1.12

0.42

4

0.21

Estradiol

1.11

0.41

4

0.20

Vehicle

1.46

1.08

4

0.54

Estradiol

0.94

0.17

4

0.09

Carrageenan

24-hour

Saline

Carrageenan
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Figure 51. Mean S6 (A) and pS6 (B) protein levels normalized to α-tubulin and sample Western
blots. No significant main effects or interactions were observed.
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As described above, there were significant differences in pmTOR levels in comparisons
of delay and hormone conditions in both saline- and carrageenan-treated animals (Figure 50).
Two additional analyses were conducted to examine the relationship between protein levels and
low heat intensity PWL using normalized pmTOR levels (npmTOR). First, given that pmTOR
levels in the estradiol conditions differed significantly between 5-hour and 24-hour delays, pain
measurements were examined relative to these trends. Individual pmTOR scores of estradioltreated animals were normalized to a ratio of pmTOR scores of the 24-hour and 5-hour
conditions, separately for the saline and carrageenan conditions. See Table 7. The ratio of
pmTOR levels was found to be 0.16 in the saline-treated condition and 2.87 in the carrageenantreated condition. pmTOR scores of each estradiol-treated animal were multiplied by the
appropriate ratio to produce npmTOR scores. A correlation was then run on PWL and npmTOR
scores (Figure 52), but yielded no significant relationship, r(9) = .014, p = .967.
The second analysis examined another pattern of effects observed in the pmTOR levels
(Figure 50). Significant differences were found in the estradiol vs. cholesterol conditions for both
saline- and carrageenan-treated animals in the 24-hour, but not 5-hour conditions. These trends
moved in opposite directions, i.e. pmTOR levels in the 24-hour conditions were significantly
lower in the saline+E2 condition compared to the saline+cholesterol condition, but significantly
higher in the carrageenan+E2 condition compared to carrageenan+cholesterol. Pain
measurements were examined relative to these trends. Individual pmTOR scores were
normalized relative to the ratios of estradiol- and cholesterol-treated pmTOR levels. See Table 8.
Given that the estradiol vs. carrageenan comparisons were not significant in the 5-hour
conditions, the ratios of pmTOR scores were calculated using the 24-hour conditions, separately
for saline- and carrageenan-treated animals. The ratio of the saline-treated estradiol and
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cholesterol conditions was 0.11, and the ratio of the carrageenan-treated estradiol and cholesterol
conditions was 8.49. pmTOR scores of each animal were multiplied by the appropriate ratio to
produce npmTOR scores. A correlation was then run on PWL and npmTOR scores (Figure 53),
but yielded no significant relationship, r(21) = -.076, p = .732.
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Table 7
Paw Withdrawal Latency and pmTOR Levels Normalized to the Ratio of 24-hour and 5-hour
pmTOR Levels in Estradiol-treated Animals
ID

Pain pmTOR/α-tub

pmTOR 24:5

npmTOR

PWL

Z03

Saline

0.21

0.16

0.03

Z04

Saline

0.12

0.16

0.02

Z15

Carrageenan

1.35

2.87

3.89

Z16

Carrageenan

3.25

2.87

9.34

115.90

Z17

Saline

1.05

0.16

0.17

115.90

Z18

Saline

1.05

0.16

0.17

115.90

Z19

Carrageenan

0.39

2.87

1.13

39.22

Z20

Carrageenan

0.49

2.87

1.41

23.60

Z29

Saline

0.24

0.16

0.04

115.90

Z33

Saline

1.43

0.16

0.23

85.40

Z34

Saline

1.08

0.16

0.17

115.90

Z41

Carrageenan

1.33

2.87

3.83

104.75

Z45

Carrageenan

1.19

2.87

3.41

14.43

80.70
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Figure 52. Scatterplot of PWL and pmTOR levels normalized to the ratio of 24-hour and 5-hour
pmTOR levels in estradiol-treated animals. The correlation was not significant (p = .967).
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Table 8
Paw Withdrawal Latency and pmTOR Levels Normalized to the Ratio of Estradiol-treated and
Cholesterol-treated pmTOR Levels in the 24-hour Condition
Hormone

Time

pmTOR/
α-tub

pmTOR E2: Sal
24-hour

npmTOR

PWL

Z01 Carrageenan

Vehicle

24-hour

0.22

0.11

0.02

43.52

Z02 Carrageenan

Vehicle

24-hour

0.12

0.11

0.01

115.90

Z03

Saline

Estradiol

24-hour

0.21

0.11

0.17

Z04

Saline

Estradiol

24-hour

0.12

0.11

0.15

80.70

Z05 Carrageenan

Vehicle

5-hour

1.46

0.11

0.29

115.90

Z06 Carrageenan

Vehicle

5-hour

0.77

0.11

0.06

Z07

Saline

Vehicle

5-hour

1.56

0.11

0.12

84.21

Z08

Saline

Vehicle

5-hour

1.33

0.11

0.12

101.70

Z13

Saline

Vehicle

24-hour

2.65

0.11

0.03

115.90

Z14

Saline

Vehicle

24-hour

0.58

0.11

Z15 Carrageenan

Estradiol

24-hour

1.35

0.11

0.16

Z16 Carrageenan

Estradiol

24-hour

3.25

0.11

0.12

115.90

Z17

Saline

Estradiol

5-hour

1.05

0.11

0.20

115.90

Z18

Saline

Estradiol

5-hour

1.05

0.11

Z19 Carrageenan

Estradiol

5-hour

0.39

0.11

0.12

39.22

Z20 Carrageenan

Estradiol

5-hour

0.49

0.11

0.09

23.60

Z27 Carrageenan

Vehicle

24-hour

0.36

8.49

1.90

115.90

Z28 Carrageenan

Vehicle

24-hour

8.49

0.98

115.90

Z29

Saline

Estradiol

24-hour

8.49

12.37

115.90

Z30

Saline

Estradiol

24-hour

8.49

6.54

115.90

ID

Pain

0.24

115.90

115.90
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Z31 Carrageenan

Vehicle

5-hour

Z32 Carrageenan

Vehicle

5-hour

Z33

Saline

Estradiol

5-hour

Z34

Saline

Estradiol

Z39

Saline

Z40

Saline

0.59

137

8.49

11.50

70.12

8.49

27.62

62.03

1.43

8.49

3.33

85.40

5-hour

1.08

8.49

4.18

115.90

Vehicle

24-hour

1.77

8.49

3.06

115.90

Vehicle

24-hour

Z41 Carrageenan

Estradiol

24-hour

Z42 Carrageenan

Estradiol

24-hour

Z43

Saline

Vehicle

5-hour

1.05

8.49

Z44

Saline

Vehicle

5-hour

0.83

8.49

Z45 Carrageenan

Estradiol

5-hour

1.19

8.49

Z46 Carrageenan

Estradiol

5-hour

8.49
1.33

8.49

115.90
4.98

8.49

8.49

104.75
115.90

11.32

115.90
115.90

10.07

14.43
46.29
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Figure 53. Scatterplot of PWL and pmTOR normalized to the ratio of estradiol-treated and
cholesterol-treated pmTOR levels in the 24-hour condition. The correlation was not significant
(p = .732).
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Experiment 2
Baseline PWL. As shown in Figure 54, no significant differences in mean baseline PWL
between estradiol and cholesterol conditions were found at any temperature level; low heat
intensity: t(42.69) = -0.63, p = .532; medium heat intensity: t(37.17) = -1.80, p = .080; high heat
intensity: t(37.30) = 0.17, p = .869. See Table 9.
Estradiol effects with low intensity stimuli. A paired samples t-test indicated that mean
PWL in the BL was significantly higher than after carrageenan injection, collapsing across time
and hormone [t(45) = 7.08, p < .001]. Levene's test for equality of variances was significant [F(3,
43) = 5.05, p = .004]. As shown in Figure 55, a significant main effect of delay was observed,
such that mean paw withdrawal latency was significantly lower in the 4-hour condition
compared to 1-hour [F(1, 43) = 7.08, p = .011, partial η 2 = .141]. There was no significant main
effect of hormone condition or hormone X delay interaction. See Table 10.
Estradiol effects with medium intensity stimuli. A paired samples t-test indicated that
mean PWL in the BL was significantly higher than after carrageenan injection, collapsing across
time and hormone [t(42) = 10.69, p < .001]. Levene's test for equality of variance was not
significant [F(3, 40) = 2.27, p = .095]. As shown in Figure 55, a significant main effect of delay
was observed, such that mean paw withdrawal latency was significantly lower in the 4-hour
condition compared to 1-hour [F(1, 40) = 12.70, p = .001, partial η 2 = .241]. There was no
significant main effect of hormone condition or hormone X delay interaction. See Table 10.
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Figure 54. Mean baseline paw withdrawal latency (PWL) for estradiol- and cholesterol-treated
rats. No significant differences were observed on low (A), medium (B), or high (C) heat
intensity.
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Table 9
Means, Standard Deviations, Sample Sizes, and Standard Errors of the Mean for Baseline Paw
Withdrawal Latency Data
Baseline paw withdrawal latency
Heat Intensity

Hormone

Mean

Std Dev

n

SEM

Low

Vehicle

18.26

2.30

24

0.47

Estradiol

18.64

1.73

23

0.36

Vehicle

10.66

2.24

23

0.47

Estradiol

12.23

3.54

23

0.74

Vehicle

7.78

1.48

23

0.31

Estradiol

7.69

2.33

23

0.48

Medium

High
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Table 10
Means, Standard Deviations, Sample Sizes, and Standard Errors of the Mean for Paw
Withdrawal Data by Heat Intensity, Delay, and Hormone Condition
Paw withdrawal latency
Heat Intensity

Delay

Hormone

Mean

Std Dev

n

SEM

Low

1-hour

Vehicle

73.67

29.83

12

8.61

Estradiol

75.52

35.85

12

10.35

Vehicle

44.35

21.66

11

6.53

Estradiol

52.83

42.17

12

12.17

Vehicle

62.47

29.80

11

8.98

Estradiol

69.16

34.64

11

10.44

Vehicle

37.73

14.54

11

4.38

Estradiol

38.42

19.13

11

5.77

Vehicle

75.87

26.99

12

7.79

Estradiol

79.64

36.44

12

10.52

Vehicle

49.09

23.68

12

6.84

Estradiol

42.48

24.82

11

7.48

4-hour

Medium

1-hour

4-hour

High

1-hour

4-hour
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Figure 55. Mean PWL, organized by heat intensity (A-C), hormone, and delay condition. Mean
PWL in the 4-hour conditions were significantly lower than in the 1-hour conditions (A: p =
.011. B: p = .001. C: p < .001). No significant main effects of hormone or hormone X delay
interactions were observed. * p < .05. *** p < .001.
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Estradiol effects with high intensity stimuli. A paired samples t-test indicated that
mean PWL in the BL was significantly higher than after carrageenan injection, collapsing across
time and hormone [t(44) = 7.02, p < .001]. Levene's test for equality of variances was not
significant [F(3, 43) = 1.40, p = .256]. As shown in Figure 55, a significant main effect of delay
was observed, such that mean paw withdrawal latency was significantly lower in the 4-hour
condition compared to 1-hour [F(1, 43) = 14.58, p < .001, partial η 2 = .256]. There was no
significant main effect of hormone condition or hormone X delay interaction. See Table 10.

Discussion
Experiment 1. Carrageenan produced inflammation in the injected paw, as indicated by
increased weight. This result was consistent with previous studies (Amann & Schuligoi, 2000).
Estradiol had no effect on baseline nociception, whereas some previous studies have found an
anti-nociceptive estradiol effect on baseline nociception (Hunter et al., 2011b; Li et al., 2009).
A number of effects were observed in low-intensity behavioral testing. PWL was lower in
the carrageenan+5-hour groups compared to saline+5-hour groups, as expected (Morris, 2003).
Estradiol had an additional effect. PWL was lower in the carrageenan+E2 condition compared to
saline+E2. Estradiol appears to be pro-nociceptive in this case, which is inconsistent with
previous studies. Hunter et al. (2011b) found that estradiol increased post-carrageenan PWL, and
a number of studies found anti-nociceptive effects using the formalin test (Kuba, Kemen, &
Quinones-Jenab, 2005; Kuba et al., 2006; Kuba et al., 2010b; Hunter et al., 2011a; Mannino et
al., 2005, 2007; Shivers et al., 2015). PWL in the carrageenan+E2+24-hour condition was
significantly higher than the carrageenan+E2+5-hour condition, such that there was no difference
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between it and carrageenan+cholesterol+24-hour or baseline. The pro-nociceptive estradiol effect
at 5 hours apparently dissipated or became masked by another effect by 24 hours.
The lack of carrageenan effects in the low-intensity 24-hour groups, as well as the
medium- and high-intensity conditions, may be explained by stress-induced analgesia (SIA). In
this phenomenon, exposure to aversive-stressor stimulation triggers analgesia to subsequent
noxious stimuli. This effect is mediated by multiple mechanisms, including opioid, cannabinoid,
and combination opioid/cannabinoid systems. It can be triggered by various stimuli, including
electric shock and capsaicin administration (Werner et al., 2015), exposure to odors from
stressed rats (Fanselow, 1985), exposure to cats (Lester & Fanselow, 1985), and exposure to
males (discussed below). The SIA response increases as a function of stimulus intensity
(Fanselow, 1984a,b), consistent with the lack of effects in the higher stimulus intensity
conditions.
It is possible that the male investigator influenced the results of this study. Sorge et al.
(2014) demonstrated that male experimenters can affect nociception through an olfactory
mechanism. They found that rats and mice, especially females, exhibited SIA in response to male
experimenters, T-shirts worn by male experimenters, as well as unfamiliar male mice and rats,
guinea pigs, cats, and dogs, as well related chemical compounds.
In the low-intensity conditions, carrageenan effects were present at 5 hours, but not 24
hours. In the medium-intensity conditions, PWL was lower in the 5-hour conditions compared to
the 24-hour conditions. This pattern may be explained by the male experimenter effect. The SIA
induced by a male experimenter abates in 30-60 minutes, but is reinstated the following day.
Testing 5 hours after exposure to the male experimenter may have occurred during this refractory
period, though this intermediate time course was not examined by Sorge et al. (2014). In the
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high-intensity conditions, there were no differences in PWL between 5-hour and 24-hour
conditions. Given that it is intensity-dependent (Fanselow, 1984a,b), the SIA produced by the
high-intensity stimulus may have masked any male experimenter effect.
A number of effects were observed in the levels of phosphorylated mTOR. pmTOR
levels were lower in the carrageenan+E2+5-hour condition compared to the carrageenan+E2+24hour condition. This could indicate ongoing or increasing PI3K pathway activation, though
previous research has shown mTOR phosphorylation peaking 1 hour after carrageenan injection
(Xu et al., 2011). The opposite pattern was observed in saline conditions. pmTOR levels were
higher in saline+E2-5-hour compared to saline+E2+24-hour. These results might indicate that
estradiol exerts opposing effects on mTOR phosphorylation, and therefore plasticity, depending
on the presence or absence of inflammation. This estradiol-induced depression of pmTOR at 24
hours is prominent compared to the saline+cholesterol+24-hour condition. This pattern fits some
previous findings. Estradiol can reduce cytokine levels in the absence of inflammation and
nociception (Shivers et al., 2015), and the PI3K pathway can be activated by cytokines (Lisi et
al., 2015). The depressed pmTOR levels observed in the saline+E2+24-hour condition may be
due to this combination. Strangely, pmTOR levels were higher in the saline+cholesterol+24-hour
condition compared to the carrageenan+cholesterol+24-hour condition. A clear activation of the
PI3K pathway and resulting mTOR phosphorylation were expected in response to carrageenan.
Finally, pmTOR levels were lower in the carrageenan+cholesterol+24-hour condition compared
to the carrageenan+E2+24-hour condition. This is consistent with the finding that estradiol can
activate the PI3K pathway (Lee et al., 2005), but inconsistent with an anti-nociceptive effect of
estradiol, given the role of PI3K pathway activation in central sensitization (Xu et al., 2011).
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Experiment 2. Experiment 2 excluded the saline conditions. This simplification
precluded analysis of inflammation versus control, and interactions of hormone or time with
inflammation condition, but increased the sample size per condition. Carrageenan injection
produced hyperalgesia compared to baseline at all heat intensities, but no estradiol effect was
observed. PWL was lower at 4 hours compared to 1 hour in all conditions, which may be due to
increasing inflammation, sensitization, and/or abatement of SIA.
Conclusion. Chronic pain is a disease of the nervous system that affects over 50 million
American and costs $70 billion annually. It is a particular problem for women, who exhibit
greater pain sensitivity and suffer from chronic pain conditions more often than men. It is
difficult to identify the sources of these sex differences in an exceedingly complex nociceptive
system. This study investigated the role of interactions between estradiol, the peptide
neurotransmitter substance P, and intracellular plasticity regulated by the PI3K-Akt-mTOR
signaling pathway. Basic research in animal models of nociception is notoriously difficult to
translate to human application, and numerous candidate treatments have hit dead-ends. Despite
our best efforts, pain remains a fundamental part of the human experience.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

148

References
Acher, F. & Goudet, C. (2015). Therapeutic potential of group III metabotropic glutamate
receptor ligands in pain. Current Opinion in Pharmacology, 20, 64-72.
Adrian, E. D. (1931). The messages in sensory nerve fibers and their interpretations. Proceedings
of the Royal Society B, 109(760), 1-18.
Ahmadi, S., Lippross, S., Nehuber, W. L., & Zeilhofer, H. U. (2002). PGE(2) selectively
blocks inhibitor glycinergic neurotransmission onto the superficial dorsal horn neurons.
Nature Neuroscience, 5, 34-40.
Allen, E. & Doisy, E. A. (1923). An ovarian hormone: Preliminary report on its localization,
extraction and partial purification and action in test animals. Journal of the American
Medical Association, 81, 819-821.
Alloui, A., Zimmermann, K., Mamet, J., Fabrice, D., Noël, J., Chemin, J., … Lazdunski, M.
(2006). TREK-1, a K+ channel involved in polymodal pain perception. The EMBO
Journal, 25, 2368-2376.
Almeida, T. F., Roizenblatt, S., & Tufik, S. (2004). Afferent pain pathways: A neuroanatomical
review. Brain Research, 1000, 40-56.
Amandusson, Å., Hallbeck, M., Hallbeck, A. L., Hermanson, O. & Blomqvist, A. (1999).
Estrogen-induced alterations of spinal cord enkephalin gene expression. Pain, 83, 243248.
Amandusson, Å. & Blomqvist, A. (2013). Estrogenic influences in pain processing. Frontiers in
Neuroendocrinology, 34, 329-349.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

149

Amann, R., & Schuligoi, R. (2000). Inhibition of carrageenan-induced edema by indomethacin
or sodium salicylate does not prevent the increase of nerve growth factor in the rat hind
paw. Neuroscience Letters, 278, 173-176.
Averill, S., McMahon, S. B., Clary, D. O., Reichhardt, L. F., & Priestly, J. V. (1995).
Immunocytochemical localization of trkA receptors in chemically identified subgroups of
adult rat sensory neurons. European Journal of Neuroscience, 7(7), 1484-1494.
Barrot, M. (2012). Tests and Models of nociception and pain in rodents. Neuroscience, 211, 3950.
Bartley, E. J. & Fillingim, R. B. (2013). Sex differences in pain: A brief review of clinical and
experimental findings. British Journal of Anesthesia, 111(1), 52-58.
Basbaum, A. I., Bautista, D. M., Scherrer, G., & Julius, D. (2009). Cellular and molecular
mechanisms of pain. Cell, 139, 267-284.
Bell, C. (1811). Idea of a new anatomy of the brain; Submitted for the observations of his
friends. London: Strahan & Preston
Bernal, S. A., Morgan, M. M., & Craft, R. M. (2007). PAG mu opioid receptor activation
underlies sex differences in morphine antinociception. Behavioral Brain Research, 177,
126-133.
Bessou, P. & Perl, E. R. (1969). Response of cutaneous sensory units with unmyelinated fibers to
noxious stimuli. Journal of Neurophysiology, 32, 1025-1043.
Björnström, L. & Sjöberg, M (2005). Mechanisms of estrogen receptor signaling: Convergence
of genomic and nongenomic actions on target genes. Molecular Endocrinology, 10(4),
833-842.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

150

Bliss, T. V. P. & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in the
dentate area of the anaesthetized rabbit following stimulation of the perforant path. The
Journal of Physiology, 232, 331-356.
Blix, M. (1884). Experimentelle Beiträge zur Lösung der Frage über die specifische Energie der
Hautnerven. Z. Biol. 20, 141–156. Translation of his 1882 paper written in Swedish.
Bourinet, E., Altier, C., Hildebrand, M. E., Trang, T., Salter, M. W., & Zamponi, G. W. (2014).
Calcium-permeable ion channels in pain signaling. Physiological Reviews, 94, 81-140.
Brown-Séquard, C. E. (1868). Lectures on the physiology and pathology of the nervous
system; and on the treatment of organic nervous affections. Lancet 2, 593–596.
Burgess, P. R. & Perl, E. R. (1967). Myelinated afferent fibres responding specifically to noxious
stimulation of the skin. Journal of Physiology, 190, 541-562.
Campbell, R. A., Bhat-Nakshatri, P., Patel, N. M., Constantinidou, D., Ali, S., & Nakshatri, H.
(2001). Phosphatidylinositol 3-kinase/Akt-mediated activation of estrogen receptor α.
The Journal of Biological Chemistry, 276(13), 9817-9824.
Cardona-Gomez, G. P., Mendez, P., & Garcia-Segura, L. M. (2002). Synergistic interaction of
estradiol and insulin-like growth factor-I in the activation of PI3K/Akt signaling in the
adult rat hypothalamus. Molecular Brain Research, 107, 80-88.
Carmichael, N. M. E., Charlton, M. P., & Dostrovsky, J. O. (2009). Sex differences in
inflammation evoked by noxious chemical, heat, and electrical stimulation. Brain
Research, 1276, 103-111.
Caterina, M. J., Rosen, T. A., Tominaga, M., Brake, A. J., & Julius, D. (1999). A capsaicinreceptor homologue with a high threshold for noxious heat. Nature, 398, 436-441.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

151

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D., & Julius, D.
(1997). The capsaicin receptor: A heat-activated ion channel in the pain pathway. Nature,
389, 816-824.
Cattaruzza, F., Poole, D. P., & Bunnett, N. W. (2013). Arresting inflammation: Contributions of
plasma membrane and endosomal signaling to neuropeptide-driven inflammatory disease.
Biochemical Society Transactions, 41, 137-143.
Cervero, F. (2003). Secondary hyperalgesia and presynaptic inhibition: An update. European
Journal of Pain, 7(4), 345-351.
Chaban, V. V. & Micevych, P. E. (2005). Estrogen receptor-α mediates estradiol attenuation of
ATP-induced Ca2+ signaling in mouse dorsal root ganglion neurons. Journal of
Neuroscience Research, 81, 31-37.
Cheng, J. & Ji, R. (2008). Intracellular signaling in primary sensory neurons and persistent pain.
Neurochemical Research, 33, 1970-1978.
Chiechio, S. & Nicoletti, F. (2012). Metabotropic glutamate receptors and the control of chronic
pain. Current Opinion in Pharmacology, 12, 28-34.
Choi, J. I., Koehrn, F. J., & Sorkin, L. S. (2012). Carrageenan induced phosphorylation of Akt is
dependent on neurokinin-1 expressing neurons in the superficial dorsal horn. Molecular
Pain, 8(4).
Chuang, H., Prescott, E. D., Kong, H., Shields, S., Jordt, S. Basbaum, A. I., Chao, M. V., &
Julius, D. (2001). Bradykinin and nerve growth factor release the capsaicin receptor from
PtdIns(4,5)P2-mediated inhibition. Nature, 2001, 411(6840), 957-962.
Collingridge, G. L., Lodge, D., Mayer, M., Turrigiano, G., & Frenguelli, B. G. (2017).

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

152

Ionotropic glutamate receptors: Still exciting after all these years. Neuropharmacology,
112, 1-3.
Cordero-Erausquin, M., Inquimbert, P., Schlichter., & Hugel. S. (2016). Neuronal networks and
nociceptive processing in the dorsal horn of the spinal cord. Neuroscience, 338, 230-247.
Costigan, M. & Woolf, C. J. (2000). Pain: Molecular mechanisms. The Journal of Pain, 1(3), 3544.
Coull, J. A., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K…De Koninck, Y. (2005).
BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic
pain. Nature, 438, 1017-1021.
Craft, R. M. (2007). Modulation of Pain by Estrogens. Pain, 132, S3-S12.
Craft, R. M., Ulibarri, C., Leitl, M. D., & Sumner, J. E. (2008). Dose- and time-dependent
estradiol modulation of morphine antinociception in adult female rats. European Journal
of Pain, 12, 472-479.
Craft, R. M. (2003). Sex differences in opioid analgesia: “From mouse to man”. Clinical Journal
of Pain, 19(3), 175-186.
Craig, A. D. (2003). A new view of pain as a homeostatic emotion. Trends in Neuroscience, 26,
303-307.
Cury, Y., Picolo, G., Gutierrez, V. P., Ferreira, S. H. (2011). Pain and analgesia: The dual effect
of nitric oxide in the nociceptive system. Nitric Oxide, 25, 243-254.
Dallenbach, K. M. (1939). Pain: History and present status. The American Journal of
Psychology, 52(3), 331-347.
Darwin, E. (1794). Zoonomia 1, 76-90, sec. xiv.
Davidson, E. M., Coggeshall, R. E., & Carlton, S. M. (1997). Peripheral NMDA and non-NMDA

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

153

glutamate receptors contribute to nociceptive behaviors in the rat formalin test.
Neuroreport, 8(4), 941-946.
Dello Russo, C., Lisi, L., Feinstein, D. L., & Navarra, P. (2013). mTOR kinase, a key player in
the regulation of glial functions: Relevance for the therapy of multiple sclerosis. Glia, 61,
301-311.
Descartes R., Clerselier C., La Forge L., Schuyl F. (1664). L’homme et un Traitté de la ormation
du Foetus du Mesme Autheur. Paris: Charles Angot.
Deslypere, J. P., Verdonck, L., & Vermeulen, A. (1985). Fat tissue: A steroid reservoir and site
of steroid metabolism. Journal of Clinical Endocrinology and Metabolism, 61(3), 564570.
Descartes, R. (1662). De Homine- Figuris et Latinitate Donatus Florentio Schuyl. Leiden,
Germany: Leffer & Moyardus.
Diaz, E., & Morales, H. (2016). Spinal cord anatomy and clinical syndromes. Seminars in
Ultrasound, CT and MRI, 37(5), 360-371
Dubin, A. E. & Patapoutian, A. (2010). Nociceptors: The sensors of the pain pathway. The
Journal of Clinical Investigation, 120, 3760-3772.
Du Bois-Reymond, E. (1848–1849). Untersuchungen über thierische Elektricität. Georg Reimer,
Berlin.
Duval, P., Lenoir, V., Moussaoui, S.,, Garret, C., & Kerdelhué, B. (1996). Substance P and
neurokinin A variations throughout the rat estrous cycle; comparison with ovariectomized
and male rats: II. Trigeminal nucleus and cervical spinal cord. Journal of Neuroscience
Research, 45, 610-616.
Engelman, J. A., Luo, J., Cantley, L. C. (2006). The evolution of phosphatidylinositol 3-kinases

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

154

as regulators of growth and metabolism. Nature Reviews Genetics, 7, 606-619.
Hirsch, E., Ciraolo, E., Ghigo, A., & Costa, C. (2008). Taming the PI3K team to hold
inflammation and cancer at bay. Pharmacology & Therapeutics, 118, 192-205.
Erb, W. (1874). Handbuch der Krankheiten des Nervensystems II. F.C.W. Vogel, Leipzig.
Erlanger, J. & Gasser, H. S. (1930). The action potential in fibers of slow conduction in spinal
roots and somatic nerves. American Journal of Physiology, 92, 43-82.
Fanselow, M. S. (1984a). Shock-induced analgesia on the formalin test: Effects of shock
severity, naloxone, hypophysectomy, and associative variables. Behavioral Neuroscience,
98(1), 79-95.
Fanselow, M. S. (1984b). Opiate modulation of the active and inactive components of the
postshock reaction: Parallels between naloxone pretreatment and shock intensity.
Behavioral Neuroscience, 98(2), 269-270.
Fanselow, M. S. (1985). Odors released by stressed rats produce opioid analgesia in unstressed
rats. Behavioral Neuroscience, 99(3), 589-592.
Fields, H. L. & Basbaum, A. I. (2005). Central nervous system mechanisms of pain modulation.
In: McMahon, S. B., Koltzenburg, M., & Wall, P. D. (Eds.), Textbook of Pain (pp. 309329). Churchill Livingstone, New York.
Fillingim, R. B., King, C. D., Riberio-Dasilva, M. C., Rahim-Williams, B., & Riley, J. L.
(2009). Sex, gender, and pain: A review of recent clinical and experimental findings. The
Journal of Pain, 10(5), 447-485.
Foster, M., & Sherrington, C. S. (1897). A Textbook of Physiology. Macmillan, London.
Frey, M.v. (1894). Beiträge zur Physiologie des Schmerzsinns. Königl. Sächs. Ges. Wiss., Math.
-Phys. Classe 46, 185–196.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

155

Frey, M.v. (1895). Beiträge zur Sinnesphysiologie der Haut. Dritte Mittheilung. Königl. Sächs.
Ges. Wiss., Math. -Phys. Classe 47, 166–184.
Frey, M.v. (1896). Untersuchungen über der Sinnesfunctionen der Menschlichen Haut. Erste
Ablandlung: Druckempfindung und Schmerz. Königl. Sächs. Ges. Wiss., Math. -Phys.
Classe 48, 175–266.
Galan, A., Lopez-Garcia, A., Cervero, F., & Laird, J. M. A. (2002). Activation of spinal
extracellular signaling-regulated kinase-1 and -2 by intraplantar carrageenan in rodents.
Neuroscience Letters, 322, 37-40.
Gasser, H. S., & Erlanger, J. (1922). A study of the action currents of nerve with the cathode ray
oscillograph. American Journal of Physiology, 62, 496–524.
Gatchel, R. J., Peng, Y. B., Fuchs, P. N., Peters, M. L., & Turk, D. C. (2007). The
biopscyhosocial approach to chronic pain: Scientific advances and future directions.
Psychological Bulletin, 133(4), 581-624.
Gaumond, I., Spooner, M. F., & Marschand, S. (2007). Sex differences in opioid-mediated pain
inhibitory mechanisms during the interphase in the formalin test. Neuroscience, 146, 366374.
Géranton, S. M., Jiménez-Díaz, L., Torsney, C., Tochiki, K. K., Stuart, S. A., Leith, J. L., …
Hunt, S. P. (2009). A rapamycin-sensitive signaling pathway is essential for the full
expression of persistent pain states. The Journal of Neuroscience, 29(47), 15017-15027.
Ghisletti, S., Meda, C., Maggi, A., Vegeto, E. (2005). 17beta-estradiol inhibits inflammatory
gene expression by controlling NF-kappaB intracellular localization. Molecular and
Cellular Biology, 25, 2957-2968.
Gintzler, A. R. & Liu, N. (2001). Chapter 6. In Russel, J. A. (Eds.), Progress in Brain Research,

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

156

133, 83-97.
Gintzler, A. R. & Liu, N. (2012). Importance of sex to pain and its amelioration; relevance of
spinal estrogens and its membrane receptors. Frontiers in Neuroendocrinology, 33(4),
412-424.
Gold, M. S. & Gebhart, G. F. (2010). Nociceptor sensitization in pain pathogenesis. Nature
Medicine, 16, 1248-1257.
Goldscheider, A. (1884). Die specifische Energie der Gefühlsnerven der Haut. Monatshft. Prak.
Derm. 3, 283.
Goldscheider, A. (1891). Über die Summation von Hautreizen. Arch. t. Physiol., 164-169.
Goldscheider, A. (1894). Über den Schmerz in physiologischer und klinischer Hinsicht, Berlin:
Hirschwald.
Gupta, D. S., von Gizycki, H., & Gintzler, A. R. (2007). Sex-/overian steroid-dependent release
of endomorphin 2 from spinal cord. The Journal of Pharmacology and Experimental
Therapeutics, 321(2), 635-641.
Grant, G. (2006). The 1932 and 1944 Nobel Prizes in Physiology or Medicine: Rewards for
ground-breaking studies in neurophysiology. Journal of the History of the Neurosciences,
15, 341-357.
Harderwyck, G. (1496). Epitomata seu Reparationes totius philosophiae naturalis Aristotelis.
Colonia: H. Quentell.
Hardy, J. D., Wolff, H. G., & Goodell, H. (1950). Experimental evidence on the nature of
cutaneous hyperalgesia. Journal of Clinical Investigation, 29, 115-140.
Herren, R. Y. (1933). The effect of high and low female sex hormone concentrations on the two-

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

157

point threshold of pain and touch and upon tactile sensitivity. Journal of Experimental
Psychology, 16, 324-327.
Ho, K. J. & Liao, J. K. (2002). Nonnuclear actions of estrogen. Arteriosclerosis,Thrombosis, and
Vascular Biology, 22, 1952-1961.
Hoeffer, C. A. & Klann, E. (2010). mTOR signaling: At the crossroads of plasticity, memory and
disease. Trends in Neuroscience, 33, 67-75.
Hughes, J., Smith, T. W., Kosterlitz, H. W., Fothergill, L. A., Morgan, B. A., & Morris, H. R.
(1975). Identification of two related pentapeptides from the brain with potent opiate
agonist activity. Nature, 258, 577-580.
Hunter, D. A., Barr, G. A., Amador, N., Shivers, K., Kemen, L., Kreiter, C. M., … QuinonesJenab, V. (2011a). Estradiol-induced antinociceptive responses on formalin-induced
nociception are independent of COX and HPA activation. Synapse, 65, 643-651.
Hunter, D. A., Barr, G. A., Shivers, K., Amador, N., Jenab, S., Inturrisi, C., & Quinones-Jenab,
V. (2011b). Interactions of estradiol and NSAIDS on carrageenan-induced hyperalgesia.
Brain Research, 1382, 181-188.
Iggo, A. (1959). Cutaneous heat receptors and cold receptors with slowly conducting (C) fibres.
Quarterly Journal of Experimental Physiology and Cognate Sciences, 44(4), 362-370.
International Association for the Study of Pain (2001). EFIC’s Declaration on Chronic Pain as a
Major Healthcare Problem, a Disease in its Own Right. Retrieved from
http://www.iasppain.org/files/Content/ContentFolders/GlobalYearAgainstPain2/20042005RighttoPainRel
ief/painasadisease.pdf
International Association for the Study of Pain, Taxonomy Working Group (2008).

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

158

Classification of Chronic Pain. Retrieved from
http://www.iasp-pain.org/Taxonomy
International Association for the Study of Pain, Taxonomy Working Group. (2011). Pain Terms:
A Current List with Definitions and Notes on Usage. Retrieved from http://www.iasppain.org/AM/Template.cfm?Section=Classification_of_Chronic_Pain&Template=/CM/C
ontentDisplay.cfm&ContentID=16283
Ji, R. R., Baba, H., Brenner, G. J., & Woolf, C. J. (1999). Nociceptive-specific activation of ERK
in spinal neurons contributes to pain hypersensitivity. Nature Neuroscience, 2, 11141119.
Ji, R. R., Befort, K., Brenner, G. J., & Woolf, C. J. (2002). ERK MAP kinase activation in
superficial spinal cord neurons induces prodynorphin and NK-1 upregulation and
contributes to persistent inflammatory pain hypersensitivity. Journal of Neuroscience, 22,
478-485.
Ji, R. R., Gereau, R. W., Malcangio, M., Strichartz, G. R. (2009). MAP kinase and pain. Brain
Research Reviews, 60, 135-148.
Johanek, L. M., Meyer, R. A., Friedman, R. M., Greenquist, K. W, Shim, B., Borzan,
J., … Ringkamp, M. (2008). A role of polymodal C-fiber afferents in nonhistaminergic
itch. The Journal of Neuroscience, 28(30), 7659-7669.
Kato, G., Kawasaki, Y., Koga, K., Uta, D., Kosugi, M., Yasaka, T., … Strassman, A. M. (2009).
Organization of intralaminar and translaminar neuronal connectivity in the superficial
spinal dorsal horn. The Journal of Neuroscience, 29(16), 5088-5099.
Kawasaki, Y., Kohno, T., Zhuang, Z. Y., Brenner, G. J., Wang, H., Van Der Meer, C., …Ji, R.
R. (2004). Ionotropic and metabotropic receptors, protein kinase A, protein kinase C, and

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

159

Src contribute to C-fiber-induced ERK activation and cAMP response element-binding
protein phosphorylation in dorsal horn neurons, leading to central sensitization. The
Journal of Neuroscience, 24, 8310-8321.
Kayser, V. & Guillbaud, G. (1987). Local and remote modifications of nociceptive sensitivity
during carrageenan-induced inflammation in the rat. Pain, 28, 99-107.
Kelleher, J. H., Tewari, D., & McMahon, S. B. (2017). Neurotrophic factors and their inhibitors
in chronic pain treatment. Neurobiology of Disease, 97, 127-138.
Kosugi, M., Kato, S., Pendse, G., Puskar, Z., Kozsurek, M., & Strassman, A. M. (2013).
Subpopulation-specific patterns of intrinsic connectivity in mouse superficial dorsal horn
as revealed by laser scanning photostimulation. The Journal of Neurophysiology, 591(7),
1935-1949.
Kuba, T., Kemen, L. M., & Quinones-Jenab, V. (2005). Estradiol administration mediates the
inflammatory response to formalin in female rats. Brain Research, 1047, 119-122.
Kuba, T., Hunter, D., Zhou, L., Jenab, S., Quinones-Jenab, V. (2010a). Acute and chronic
estradiol replacements differentially alter corticosterone and COX-mediated responses to
an inflammatory stimulus in female rats. Ethnicity & Disease, 20, S1-50-S1-54.
Kuba, T., Hunter, D., Zhou, L., Jenab, S., Quinones-Jenab, V. (2010b). Endogenous gonadal
hormones regulate females’ behavioral responses to formalin through prostaglandin E2
release. Ethnicity & Disease, 20, S1-55-S1-59.
Kuba, T., Wu, H. K., Nazarian, A., Festa, E. D., Barr, G. A., Jenab, S., … Quinones-Jenab, V.
(2006). Estradiol and progesterone differentially regulate formalin-induced nociception in
ovariectomized female rats. Hormones and Behavior, 49, 441-449.
Kucyi, A. & Davis, K. (2016). The neural code for pain: From single-cell electrophysiology to

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

160

the dynamic pain connectome. The Neuroscientist, September 2016, 1-18.
Kuner, R. (2010). Central mechanisms of pathological pain. Nature Medicine, 16, 1258-1266.
Labrakakis, C. & MacDermott, A. B. (2003). Neurokinin receptor 1-expressing spinal cord
neurons in lamina I and III/IV of postnatal rats receive inputs from capsaicin sensitive
fibers. Neuroscience Letters, 352, 121-124.
Lang, E., Novak, A., Reeh, P. W., & Handwerker, H. O. (1990). Chemosensitivity of fine
afferents from rat skin in vitro. Journal of Neurophysiology, 63(4), 887-901.
Lange, I. G., Hartel, A., & Meyer, H. H. D. (2003). Evolution of oestrogen functions in
vertebrates. Journal of Steroid Biochemistry & Molecular Biology, 83, 219-226.
Laplante, M. & Sabatini, D. M. (2012). mTOR signaling in growth control and disease. Cell,
149(2), 274-293.
Latremoliere, A. & Woolf, C. J. (2009). Central sensitization: A generator of pain
hypersensitivity by central neural plasticity. The Journal of Pain, 10, 895-926.
Latremoliere, A. & Woolf, C. J. (2010, August). Synaptic plasticity and central sensitization:
author reply [Letter to the editor]. The Journal of Pain, 11(8), 801-803.
Lee, Y., Park, J., Yu, H., Kim, J., Youn, H. J., & Jung, S. H. (2005). Up-regulation of PI3K/Akt
signaling by 17β-estradiol through activation of estrogen receptor-α, but not estrogen
receptor-β, and stimulates cell growth in breast cancer cells. Biomedical and Biophysical
Research Communications, 336, 1221-1226.
Lester, L. S. & Fanselow, M. S. (1985). Exposure to a cat produces opioid analgesia in rats.
Behavioral Neuroscience, 99(4), 756-759.
Lewis, T. (1935). Clinical observations and experiments relating to burning pain in extremities
and to so-called “erythromelalgeia” in particular. Clinical Science, 1, 175-211.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

161

Li, L., Fan, X., Warner, M., Xu, X., Gustafsson, J., Wiesenfeld-Hallin, Z. (2009). Ablation of
estrogen receptor α or β eliminates sex differences in mechanical pain threshold in
normal and inflamed mice. Pain, 143, 37-40.
Lotze, R. H. (1872). Medicinische Psychologie 247.
Loyd, D. R., Wang, X., & Murphy, A. Z. (2008). Sex differences in μ-opioid receptor expression
in the rat midbrain periaqueductal gray are essential for eliciting sex differences in
morphine analgesia. The Journal of Neuroscience, 28(52), 14007-14017.
Li, X., Ellman, M., Muddasani, P., Wang, J. H., Cs-Szabo, G., van Wijnen, A. J., & Im, H. J.
(2009). Prostaglandin E(2) and its cognate EP receptors control human adult articular
cartilage homeostasis and are linked to the pathophysiology of osteoarthritis. Arthritis &
Rheumatism, 60, 513-523.
Lisi, L., Aceto, P., Navarra, P., & Dello Russo, C. (2015). mTOR kinase: A possible
pharmacological target in the management of chronic pain. BioMed Research
International, 2015, Article ID 394257. Retrieved from
http://dx.doi.org/10.1155/2015/394257.
Liu, N. J., Chakrabarti, S., Schnell, S., Wessendorf, M., & Gintzler, A. R. (2011). Spinal
synthesis of estrogen and concomitant signaling by membrane estrogen receptors regulate
spinal κ- and μ-opioid receptor heterodimerization and female-specific spinal morphine
antinociception. The Journal of Neuroscience, 31, 11836-11845.
Liu, N. J., von Gizycki, H., & Gintzler, A. R. (2007). Sexually dimorphic recruitment of spinal
opioid analgesic pathways by the spinal application of morphine. The Journal of
Pharmacology and Experimental Therapeutics, 322, 654-660.
Liuzzi, F. J., Scoville, S. A., & Bufton, S. M. (1999). Long-term estrogen replacement

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

162

coordinately decreases trkA and beta-PPT mRNA levels in dorsal root ganglion neurons.
Experimental Neurology, 155, 260-267.
Lloyd, D. P. (1949). Post-tetanic potentiation of response in monosynaptic reflex pathways of the
spinal cord. The Journal of General Physiology, 33, 147-170.
Lobo, R. A. (2016). Hormone-replacement therapy: Current thinking. Nature Reviews
Neuroendocrinology, 164, 1-12.
Lu, C. L., Hsieh, J. C., Dun, N. J., Oprea, T. I., Wang, P. S., Luo, J. C., ... Lee, S. D. (2009).
Estrogen rapidly modulates 5-hydroxytryptophan-induced visceral hypersensitivity via
GPR30 in rats. Gastroenterology, 137, 1040-1050.
Lu, Y. & Perl, E. R. (2005). Modular organization of excitatory circuits between neurons of the
spinal superficial dorsal horn (laminae I and II). The Journal of Neuroscience, 25(15),
3900-3907.
Luo, C., Kuner, T., & Kuner, R. (2014). Synaptic plasticity in pathological pain. Trends in
Neuroscience, 37(6), 343-355.
Ma, W. & Quirion, R. (2007). Inflammatory mediators modulating the transient receptor
potential vanilloid 1 receptor: Therapeutic targets to treat inflammatory and neuropathic
pain. Expert Opinion on Therapeutic Targets, 11(3), 307-320.
Ma, W., Ribeiro-da-Silva, A., de Koninck, Y., Radhakrishnan, V., Cuello, A. C., & Henry, J. L.
(1997). Substance P and enkephalin immunoreactivities in axonal boutons presynaptic to
physiologically identified dorsal horn neurons. An ultrastructural multiple-labelling study
in the cat. Neuroscience, 77(3), 793-811.
Magendie, F. (1822). Expériences sur les fonctions des racines des nerfs qui naissent de la
moëlle é pinié re. J. Physiol. Expér. Pathol. 2, 366–371

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

163

Mannino, C. A., South, S. M., Inturrisi, C. E., & Quinonoes-Jenab, V. (2005). Pharmacokinetics
and effects of 17β-estradiol and progesterone implants in ovariectomized rats. The
Journal of Pain, 6(12), 809-816.
Mannino, C. A., South, S. M., Quinonoes-Jenab, V., & Inturrisi, C. E. (2007). Estradiol
replacement in ovariectomized rats is antihyperalgesic in the formalin test. The Journal of
Pain, 8(4), 334-342.
Mantyh, P. W., DeMaster, E., Malhotra, A., Ghilardi, J. R., Rogers, S. D., Mantyh, C. R., …
Simone, D. A. (1995). Receptor endocytosis and dendrite reshaping in spinal neurons
after somatosensory stimulation. Science, 268, 1629-1632.
Mantyh, P. W., Rogers, S. D., Honore, P., Allen, B. J. A., Ghilardi, J. R., Li, J. R., … Simone, D.
A. (1997). Inhibition of hyperalgesia by ablation of lamina I spinal neurons expressing
the substance P receptor. Science, 278, 275-279.
McCarthy, M. M., Arnold, A. P., Ball, G. F., Blaustein, J. D., & De Vries, G. J. (2012). Sex
differences in the brain: The not so inconvenient truth. The Journal of Neuroscience, 32,
2241-2247.
McEwen, B. S. (2001). Genome and Hormones: Gender differences in physiology: Invited
review: Estrogen effects on the brain: Multiple sites and molecular mechanisms. Journal
of Applied Physiology, 91, 2785-2801.
McMahon, S. B. & Wall, P. D. (1984). Receptive fields of rat lamina 1 projection cells move to
incorporate a nearby region of injury. Pain, 19, 235-247.
Melzack, R. (1990). Pain and the neuromatrix in the brain. Journal of Dental Education, 65(12),
1378-1382.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

164

Melzack, R. & Wall, P. D. (1965). Pain mechanisms: A new theory. Science, 150(3699), 971979.
Mendell, L. M. (2010). Computational functions of neurons and circuits signaling injury:
Relationship to pain behavior. Proceedings of the National Academy of Sciences of the
United States of America, 108(3), 15596-15601.
Mendell, L. M. & Wall, P. D. (1965). Response of single dorsal cord cells to peripheral
cutaneous unmyelinated fibres. Nature, 206, 97-99.
Mifflin, K. A. & Kerr, B. J. (2014). The transition from acute to chronic pain: Understanding
how different biological systems interact. Canadian Journal of Anesthesia, 61, 112-122.
Millan, M. J. (1999). The induction of pain: An integrative review. Progress in Neurobiology,
57, 1-164.
Mitrovic, I., Margeta-Mitrovic, M., Bader, S., Stoffel, M., Jan, L. Y., & Basbaum, A. I. (2003).
Contribution of GIRK2-mediated postsynaptic signaling to opiate and alpha 2-adrenergic
analgesia and analgesic sex differences. Proceedings of the National Academy of
Sciences, 100, 271-276.
Mizumura, K., Sugiura, T., Katanosaka, K., Banik, R. K., & Kozaki, Y. (2009). Excitation and
sensitization of nociceptors by bradykinin: What do we know? Experimental Brain
Research, 196, 53-65.
Miyamoto, T., Dubin, A. E., Petrus, M. J., & Patapoutian, A. (2009). TRPV1 and TRPA1
mediate peripheral nitric oxide-induced nociception in mice. Public Library of Science
ONE, 4(10), 1-11.
Moalem, G. & Tracey, D. J. (2006). Immune and inflammatory mechanisms in neuropathic pain.
Brain Research Reviews, 51, 240-264.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

165

Moayedi, M. & Davis, K. D. (2013). Theories of pain: From specificity to gate control. Journal
of Neurophysiology, 109(1), 5-12.
Mogil, J. S., & Chanda, M. L. (2005). The case for the inclusion of female subjects in basic
science studies of pain. Pain, 117, 1-5.
Mogil, J. S., Chesler, E. J., Wilson, S. G., Juraska, J. M., & Sternberg, W. (2000). Sex
differences in thermal nociception and morphine antinociception in rodents depend on
genotype. Neuroscience & Biobehavioral Reviews, 24, 375-389.
Mogil, J. S. (2012). Sex differences in pain and pain inhibition: Multiple explanations of a
controversial phenomenon. Nature Reviews Neuroscience, 13, 859-866.
Molliver, D. C., Cook, S. P., Carlesten, J. A., Wright, D. E., & McCleskey, E. W. (2002). ATP
and UTP excite sensory neurons and induce CREB phosphorylation through the
metabotropic receptor, P2Y2. European Journal of Neuroscience, 16, 1850-1860.
Molliver, D. C., Radeke, M. J., Feinstein, S. C., & Snider, W. D. (1995). Presence or absence of
TrkA protein distinguishes subsets of small sensory neurons with unique cytochemical
characteristics and dorsal horn projections. The Journal of Comparative Neurology,
361(3), 404-416.
Montana, C. M. & Gereau IV, R. W. (2011). Metabotropic glutamate receptors as targets for
analgesia: antagonism, activation, and allosteric modulation. Current Pharmaceutical
Biotechnology, 12(10), 1681-1688.
Morales-Lázaro, S. L., Simon, S. A., & Rosenbaum, T. (2013). The role of endogenous
molecules in modulating pain through transient receptor potential vanilloid 1 (TRPV1).
The Journal of Physiology, 591(13), 3109-3121.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

166

Morris, C. J. (2003). Carrageenan-induced paw edema in the rat and mouse. Methods in
Molecular Biology, 225, 115-121.
Morton, D. L., Sandhu, J. S., & Jones, A. K. P. (2016). Brain imaging of pain: State of the art.
Journal of Pain Research, 9, 613-624.
Müller, J. (1840). Handbuch der Physiologie des Menschen. J. Holscher, Koblenz, Germany.
Murphy, A. Z., Suckow, S. K., Johns, M., & Traub, R. J. (2009). Sex differences in the activation
of the spinoparabrachial circuit by visceral pain. Physiology & Behavior, 97, 205-212.
Nantel, F., Denis, D., Gordon, R., Northey, A., Cirino, M., Metters, K. M., & Chan, C. C. (1999).
Distribution and regulation of cyclooxygenase-2 in carrageenan-induced inflammation.
British Journal of Pharmacology, 128, 853-859.
Naunyn, B. (1889). Über die Auslosung von Schmerzempfindung durch Summation sich zeitlich
folgender sensibler Erregungen. Arch. f. exper. Pvthol. u. Pharm., 25, 272-3.
Nazarian, A., Tenayuca, J.m M., Almasarweh, F., Armendariz, A., & Are, D. (2014). Sex
differences in formalin-evoked primary afferent release of substance P. European
Journal of Pain, 18, 39-46.
Noordenbos, W. (1959). Pain. Amsterdam: Elsevier.
Odom, D. T., Dowell, R. D., Jacobsen, E. S., Gordon, W., Danford, T. W., MacIsaac, K. D., …
Fraenkel, E. (2007). Tissue-specific transcriptional regulation has diverged significantly
between human and mouse. Nature Genetics, 36(6), 730-792.
Oshita, S., Yaksh, T. L., & Chipkin, R. (1990). The antinociceptive effects of intrathecally
administered SCH32615, an enkephalinase inhibitor in the rat. Brain Research, 515, 143148.
Patapoutian, A., Tate, S., & Woolf, C. J. (2009). Nature Reviews Drug Discovery, 8(1), 55-68.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

167

Pedram, A., Razandi, M., & Ellis, R. L. (2006). Nature of functional estrogen receptors at the
plasma membrane. Molecular Endocrinology, 20(9), 1996-2009.
Peng, H., Chen, G., Lai, C., Hsieh, M., Hsu, H., Wu, H., & Lin, T. (2010). PI3K modulates
estrogen-dependent facilitation of colon-to-urethra cross-organ reflex sensitization in
ovariectomized female rats. Journal of Neurochemistry, 2010, 54-66.
Perl, E. R. (2011). Pain mechanisms: A commentary on concepts and issues. Progress in
Neurobiology, 94, 20-38.
Perl, E. R., Kumazawa, T., Lynn, B., & Kenins, P. (1976). Sensitization of high threshold
receptors with unmyelinated (C) afferent fibers. Progressive Brain Research, 43, 263277.
Pert, C. B. & Snyder, S. H. (1973). Opiate receptor: Demonstration in nervous tissue. Science,
179(4407), 1011-1014.
Pezet, S., Marchand, F., D'Mello, R., Grist, J., Clark, A. K., Malcangio, M., ... Dickenson, A. H.
(2008). Phosphatidylinositol 3-kinase is a key mediator of central sensitization in
painful inflammatory conditions. The Journal of Neuroscience, 28, 4261-4270.
Pitcher, M. P. & Cervero, F. (2010). Role of the NKCC1 co-transporter in sensitization of spinal
nociceptive neurons. Pain, 151, 756-762.
Pitcher, M. H., Ribeiro-da-Silva, A., Coderre, T. J. (2007). Effects of inflammation on the
ultrastructural localization of spinal cord dorsal horn group 1 metabotropic glutamate
receptors. Journal of Comparative Neurology, 505, 412-423.
Prescott, A. P. & Ratté, S. (2012). Pain processing by spinal microcircuits: Afferent
combinatorics. Current Opinion in Neurobiology, 22, 631-639.
Price, T. J. & Flores, C. M. (2007). Critical evaluation of the colocalization between calcitonin

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

168

gene-related peptide, substance P, transient receptor potential vanilloid subfamily type 1
immunoreactivities and isolectin B4 binding in primary afferent neurons of the rat and
mouse. The Journal of Pain, 8(3), 263-272.
Priest, C. A., Eckersell, C. B., & Micevych, P. E. (1995). Estrogen regulates preproenkephalin-A
mRNA levels in the rat ventromedial nucleus: temporal and cellular aspects. Molecular
Brain Research, 28, 251-262.
Qin, Y., Zhu, Y., Baumgart, J. P., Stornetta, R. L., Seidenman, K., Mack, V., ... Zhu, J. J. (2005).
State-dependent Ras signaling and AMPA receptor trafficking. Genes & Development,
19, 2000-2015.
Randić, M., Jiang, M. C., & Cerne, R. (1993). Long-term potentiation and long-term depression
of primary afferent neurotransmission in the rat spinal cord. The Journal of Neuroscience,
13(12), 5228-5241.
Regan, M. C. & Furukawa, H. (2016). Deeper insights into the allosteric modulation of
ionotropic glutamate receptors. Neuron, 91, 1187-1189.
Reichling, D. B., Green, P. G., & Levine, J. D. (2013). The fundamental unit of pain is the cell.
Pain, 154, S2-S9.
Revankar, C. M., Cimino, D. F., Sklar, L. A., Arterburn, J. B., & Prossnitz, E. R (2005). A
transmembrane intracellular estrogen receptor mediates rapid cell signaling. Science, 307,
1625-1630.
Rexed, B. (1952). The cytoarchitectonic organization of the spinal cord in the cat. Journal of
Comparative Neurology, 96, 414–495.
Rudomin, P. & Schmidt, R. F. (1999). Presynaptic inhibition in the vertebrate spinal cord
revisited. Experimental Brain Research, 129(1), 1-37.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

169

Saeed, A. W. & Ribeiro-da-Silva, A. (2012). Non-peptidergic primary afferents are presynaptic
to neurokinin-1 receptor immunoreactive lamina I projection neurons in rat spinal cord.
Molecular Pain, 8(64), 1-10.
Salter, M. W. & Kalia, L. V. (2004). A hub for NMDA receptor regulation. Nature Reviews
Neuroscience, 5, 317-328.
Sandkühler, J. (2009). Models and mechanisms of hyperalgesia and allodynia. Physiological
Reviews, 89, 707-758.
Sandkühler, J. (2010, August). Central sensitization versus synaptic long-term potentiation
(LTP): A critical comment [Letter to the editor]. The Journal of Pain, 11(8), 798-800.
Sarajari, S. & Oblinger, M. M. (2010). Estrogen effects on pain sensitivity and neuropeptide
expression in rat sensory neurons. Experimental Neurology, 224, 163-169.
Sardella, T. C. P., Polgár, E., Garzillo, F., Kaneko, T., Watanabe, M., & Todd, A. J. (2011).
Dynorphin is expressed primarily by GABAergic neurons that contain galanin in the rat
dorsal horn. Molecular Pain, 7(76), 1-14.
Schäfers, M. & Sorkin, L. (2008). Effect of cytokines on neuronal excitability. Neuroscience
Letters, 437, 188-193.
Schiff, J. M. (1858). Lehrbuch der Physiologie des Menschen. Muskel und Nervenphysiologie.
Schauenberg, Lahr.
Shivers, K., Amador, N., Abrams, L., Hunter, D., Jenab, S., & Quinones-Jenab, V. (2015).
Estrogen alters baseline and inflammatory-induced cytokine levels independent from
hypothalamic-pituitary-adrenal axis activity. Cytokine, 72, 121-129.
Seybold, V. S. (2009). The role of peptides in central sensitization. Handbook of Experimental
Pharmacology, 194, 451-491.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

170

Sherman, J. J., & LaResche, L. (2006). Does experimental pain response vary across the
menstrual cycle? A methodological review. American Journal of Physiology, Regulatory,
Integrative and Comparative Physiology, 291, R245-R256.
Sherrington, C. S. (1906). The Integrative Action of the Nervous System. Cambridge, United
Kingdom: Cambridge University Press.
Slack, S. E., Pezet, S., McMahon, S. B., Thompson, S. W., & Malcangio, M. (2004). Brainderived neurotrophic factor induces NMDA receptor subunit one phosphorylation via
ERK and PKC in the rat spinal cord. European Journal of Neuroscience, 20, 1769-1778.
Smith, C. C. & McMahon, L. L. (2006). Estrogen-induced increase in the magnitude of long
term potentiation is prevented by blocking NR2B-containing receptors. The Journal of
Neuroscience, 26, 8517-8522.
Smrcka, A. V. (2008). G protein βγ subunits: Central mediators of G protein-coupled receptor
signaling. Cellular and Molecular Life Sciences, 65, 2191-2214.
Snider, R. M., Constantine, J. W., Lowe III, J. A., Longo, K. P., Lebel, W. S., Woody, H. A., …
et al. (1991). A potent nonpeptide antagonist of the substance P (NK1) receptor. Science,
251(4992), 435-437.
Sorge, R. E., Martin, L. J., Isbester, K. A., Sotocinal, S. G., Rosen, S., Tuttle, A. H., … Mogil, J.
S. (2014). Olfactory exposure to males, including men, causes stress and related analgesia
in rodents. Nature Methods, 11(6), 629-634.
Spooner, M. F., Robichaud, P., Carrier, J. C., & Marchand, S. (2007). Edogenous pain
modulation during the formalin test in estrogen receptor beta knockout mice.
Neuroscience, 150, 675-680.
Steinhoff, M. S., von Mentzer, B., Geppetti, P., Pothoulakis, C., & Bunnett, N. W. (2014).

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

171

Tachykinins and their receptors: Contributions to physiological control and the
mechanisms of disease. Physiological Review, 94, 265-301.
Svensson, C. I., Hua, X. Y., Protter, A. A., Powell, H. C., & Yaksh, T. L. (2003a). Spinal p38
MAP kinase is necessary for NMDA-induced spinal PGE(2) release and thermal
hyperalgesia. Neuroreport, 14, 1153-1157.
Svensson, C. I., Marsala, M., Westerlund, A., Calcutt, N. A., Campana, W. M., Freshwater, J. D.,
… Yaksh, T. L. (2003b). Activation of p38 mitogen-activated protein kinase in spinal
microglia is a critical link in inflammation-induced spinal pain processing. Journal of
Neurochemistry, 86, 1534-1544.
Tall, J. M. & Crisp, T. (2004). Effects of gender and gonadal hormones on nociceptive
responses to intraplantar carrageenan in the rat. Neuroscience Letters, 354, 239-241.
Tegeder, I., Scheving, R., Wittig., I., & Geisslinger, G. (2011). SNO-ing at the nociceptive
synapse? Pharmacological Reviews, 63, 366-389.
Thornton, J. W. (2001). Evolution of vertebrate steroid receptors from an ancestral estrogen
receptor by ligand exploitation and serial genome expansions. Proceedings of the
National Academy of Sciences Evolution, 98(10), 5671-5676.
Todd, A. J. (2010). Neuronal circuitry for pain processing in the dorsal horn. Nature Reviews
Neuroscience, 11, 823-836.
van Steenwinckel, J., Noghero, A., Thibault, K., Brisorgueil, M. J., Fischer, J., & Conrath, M.
(2009). The 5-HT2A receptor is mainly expressed in nociceptive sensory neurons in rat
lumbar dorsal root ganglia. Neuroscience, 161, 838-846.
Vanderhorst, V. G. J. M., Terasawa, E., & Ralston III, H. J. (2009). Estrogen receptor-α

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

172

immunoreactive neurons in the brainstem and spinal cord of the female rhesus monkey:
Species-specific characteristics. Neuroscience, 158, 798-810.
Vanegas, H. & Schaible, H. G. (2001). Prostaglandins and cyclooxygenases in the spinal cord.
Progress in Neurobiology, 64, 327-363.
Vasudevan, N. & Pfaff, D. W. (2007). Membrane-initiated actions of estrogens in
neuroendocrinology: Emerging principles. Endocrine Reviews, 28(1), 1-19.
Verri, W. A. Jr., Cunha, T. M., Parada, C. A., Poole, S., Cunha, F. Q., & Ferreira, S. H. (2006).
Hypernociceptive role of cytokines and chemokines: Targets for analgesic drug
development? Pharmalogical Therapy, 112(1), 116-138.
Viviani, B., Bartesaghi, S., Gardoni, F., Vezzani, A., Behrens, M. M., Bartfai, T., … Corsini, E.
(2003). Interleukin-1β enhances NMDA receptor-mediated intracellular calcium increase
through activation of the Src family of kinases. The Journal of Neuroscience, 23(25),
8692-8700.
Walker, K., Reeve, A., Bowes, M., Winter, J., Wotherspoon, G., Davis, A., … Urban, L. (2001).
mGlu5 receptors and nociceptive function II. mGlu5 receptors functionally expressed on
peripheral sensory neurons mediate inflammatory hyperalgesia. Neuropharmacology, 40,
10-19.
Wang, W., Rubinstein, J., Prieto, A. R., Thang, L. V., & Wang, D. H. (2008). Transient receptor
potential vanilloid gene deletion exacerbates inflammation and atypical cardiac
remodeling after myocardial infarction. Hypertension, 53, 243-250.
Waxman, S. G. & Zamponi, G. W. (2014). Regulating excitability of peripheral afferents:
Emerging ion channel targets. Nature Neuroscience, 17(2), 153-163.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

173

Wei, F., Vadakkan, K. I., Toyoda, H., Wu, L. J., Zhao, M. G., Xu, H., ... Zhuo, M. (2006).
Calcium calmodulin-stimulated adenylyl cyclases contribute to activation of extracellular
signal-regulated kinase in spinal dorsal horn neurons in adult rats and mice. The Journal
of Neuroscience, 26, 851-861.
Werner, M. U., Pereira, M. P., Andersen, L. P. H., & Dahl, J. B. (2015). Endogenous opioid
antagonism in physiological experimental pain models: A systematic review. Public
Library of Science ONE. Retrieved from
http://dx.doi.org/10.1371/journal.pone.0125887
Winter, C. A., Risley, E. A. & Nuss, G. W. (1962). Carrageenin-induced edema in hind paw of
the rat as an assay for antiinflammatory drugs. Proceedings of the Society for
Experimental Biology and Medicine, 111, 544-547.
Woolf, C. J. (1983). Evidence for a central component of post-injury pain hypersensitivity.
Nature, 306, 686-688.
Woolf, C. J. (2011). Central sensitization: Implications for the diagnosis and treatment of pain.
Pain, 152, S2-S15.
Xiao, X., Yang., Y., Zhang, Y., Xiao-Meng, Z., Zhao, Z, & Zhang, Y. (2012). Estrogen in the
anterior cingulate cortex contributes to pain-related aversion. Cerebral Cortex, 23(9),
2190-2203.
Xin, W., Gong, Q., Xu, J., Yang, H., Zang, Y., Zhang, T., … Liu, X. (2006). Role of
phosphorylation of ERK in induction and maintenance of LTP of the C-fiber evoked field
potentials in spinal dorsal horn. Journal of Neuroscience Research, 84, 934-943.
Xu, Q., Fitzsimmons, B., Steinauer, J., O’Neill, A., Newton, A. C., Hua, X., & Yaksh, T. L.
(2011). Spinal phosophinositide 3-kinase-Akt-mammalian target of rapamycin signaling

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

174

cascades in inflammation-induced hyperalgesia. The Journal of Neuroscience, 31(6),
2113-2124.
Xu, S., Cheng, Y., Keast, J. R., Osborne, P. B. (2008). 17β-estradiol activates estrogen receptor
beta-signalling and inhibits transient receptor potential vanilloid receptor 1 activation by
capsaicin in adult rat nociceptor neurons. Endocrinology, 149(11), 5540-5548.
Xu, J., Zhao, X., Yaster, M., & Tao, Y. (2010). Expression and distribution of mTOR, p70S6K,
4E-BP1, and their phosphorylated counterparts in rat dorsal root ganglion and spinal cord
dorsal horn. Brain Research, 1487, 46-57.
Yasaka, T., Tiong, S. Y. X., Hughes, D. I., Riddell, J. S., & Todd, A. J. (2010). Populations of
inhibitory and excitatory interneurons in lamina II of the adult rat spinal dorsal horn
revealed by a combined electrophysiological and anatomical approach. Pain, 151, 475488.
Yashpal, K., Pitcher, G. M., & Henry, J. L. (1995). Noxious peripheral stimulation produces
antinociception mediated via substance P and opioid mechanisms in the rat tail-flick test.
Brain Research, 674, 97-103.
Youn, D., Gerber, G., & Sather, W. A. (2013). Ionotropic glutamate receptors and voltage-gated
Ca2+ channels in long-term potentiation of spinal dorsal horn synapses and pain
hypersensitivity. Neural Plasticity, 2013, Article ID 654257. Retrieved from
http://dx.doi.org/10.1155/2013/654257.
Yousuf, A., Klinger, F., Schicker, K., & Boehm, S. (2011). Nucleotides control the excitability
of sensory neurons via two P2Y receptors and a bifurcated signaling cascade. Pain, 152,
2011.
Yu, L., Zhou, X., Yu, J., Huang, H., Jiang, L., Zhang, F., … Min, Y. (2012). PI3K contributed to

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

175

modulation of spinal nociceptive information related to ephrinBs/EphBs. Public Library
of Science ONE, 7, 1-13.
Zeilhofer, H. U. & Zeilhofer, U. B. (2008). Spinal dis-inhibition in inflammatory pain.
Neuroscience Letters, 437, 170-174.
Zhang, E. & Craig, A. D. (1997). Morphology and distribution of spinothalamic lamina I neurons
in the monkey. The Journal of Neuroscience, 17(9), 3274-3284.
Zhang, X. (2015). Molecular sensors and modulators of thermoreception. Channels, 9(2), 73-81.
Zhang, Y., Xiao, X., Zhang, X., Zhao, Z., & Zhang, Y. (2012). Estrogen facilitates spinal cord
synaptic transmission via membrane-bound estrogen receptors: Implications for pain
hypersensitivity. Neurobiology, 287, 33268-33281.
Zhong, Y. , Li, K., & Xu, Z. (2010). Potentiation of excitatory transmission in substantia
gelatinosa neurons of rat spinal cord by inhibition of estrogen receptor alpha. Molecular
Pain, 6(92), 1-5.
Zhu, Y. & Pfaff, D. W. (1995). DNA binding of hypothalamic nuclear proteins on estrogen
response element and preproenkephalin promoter: Modification by estrogen.
Neuroendocrinology, 62, 454-466.
Zhuo, M. (2017). Ionotropic glutamate receptors contribute to pain transmission and chronic
pain. Neuropharmacology, 112, 228-234.
Zimmerman, K., Leffler, A., Fischer, M. M. J., Messlinger, K., Nau, C., & Reeh, P. W. (2005).
The TRPV1/2/3 activator 2-aminoethoxydiphenyl borate sensitizes native nociceptive
neurons to heat in wildtype but not TRPV1 deficient mice. Neuroscience, 135, 12771284.
Zubieta, J., Smith, Y. R., Bueller, J. A., Xu, Y., Kilbourn, M. R., Jewett, D. M., … Stohler, C. S.

ESTRADIOL, SUBSTANCE P, AND THE PI3K-AKT-MTOR PATHWAY

176

(2002). μ-opioid receptor-mediated antinociceptive responses differ in men and women.
The Journal of Neuroscience, 22(12), 5100-5107.
Zylbergold, P., Ramakrishnan, N., & Hébert, T. (2010). The role of G proteins in assembly and
function of Kir3 inwardly rectifying potassium channels. Channels, 4(5), 411-421.

